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An International Journal 
for Techniques and Applications of Nuclear Science 


Une Revue Internationale 
de Techniques et Applications de Science Nucléaire 


Eine Internationale Zeitschrift 
fur Technik und Anwendungen der Kernwissenschaft 


The editors and publishers of NucLEoniIcs announce the commencement of 
formal cooperation with distinguished leaders of nuclear research outside 
of the United States, with deep appreciation for the honor they have thus con- 
ferred upon our efforts. The responsibility for encouraging the proper repre- 
sentation of the findings of their national colleagues in Nuc.Leonics has 
been generously assumed by Sir J. D. Cockcroft for Britain, Dr. F. Joliot- 
Curie for France, Dr. G. Hevesy for Denmark and Sweden, Dr. E. Amaldi for 
Italy, Dr. C. J. Bakker for the Netherlands, and Dr. P. Scherrer for Switzerland. 

It is indeed fortunate and significant that this demonstration of the inter- 
national character of nuclear science is possible during an unprecedented 
world crisis in human affairs. It reminds us that most of our knowledge and 
control of the properties of nature is continuously shared and advanced by 
experimenters in all civilized countries. Contributions to this journal from 
investigators in all parts of the world will make clear that by far the largest 
percentage of the findings of nuclear studies being carried on today is con- 
structive and militarily meaningless. 

All of us who have participated to some degree in the development of nuclear 
science and technology will recognize the great debt that we owe to the past 
contributions of P. Scherrer, C. J. Bakker, G. Hevesy, E. Amaldi, F. Joliot- 
Curie, and J. D. Cockcroft. Their cooperation with the editorial board of 
Nuc.Leonics will now certainly contribute importantly to the earlier solution 
of scientific and engineering problems shared by all nuclear investigators using 
this journal as a medium for international communication with their colleagues. 


—W. M. D. 








Tracks of Densely lonizing Particles in 
Nuclear Emulsions 






A review of theory and application of photographic nuclear 
emulsions as a tool for precise radioactive measurements. 
Techniques for detection of mesons, protons, tritons, alpha 
particles, and fission fragments are described and illustrated 


By HERMAN YAGODA 


Laboratory of Physical Biology, National Institute of Health 
Bethesda, Maryland 





FOLLOWING BECQUEREL’S DISCOVERY of 
the activation of silver halide emulsions 
by radioactive radiations, photographic 
media were employed extensively in 
comparative activity measurements of 
minerals and their components. With 
the development of electrical counting 
instruments the photographic method 
lost its importance as an activity index. 
Nevertheless, a small number of in- 
vestigators, including Blau at the Uni- 
versity of Vienna and Zhdanov at the 
Russian State Radium Institute, per- 
sisted in their efforts to improve on the 
recording properties of silver halide 
emulsions. They clearly recognized 
the important potentialities of thick- 
layered emulsions as compact con- 
tinuously recording media for the tracks 
of densely ionizing particles. Inde- 
pendently, they succeeded in preparing 
fine-grained emulsions in which the 
trajectories recorded by alpha particles 
and protons could be readily differ- 
entiated by the number of developed 
grains. 

' Space does not permit description of 
their pioneering efforts, nor of the early 
work of Wilkins at the University of 
Rochester and that of Taylor and 
Powell in England. An excellent sum- 


mary of progress in emulsion technique 


is available in the 1942 review article 
by M. M. Shapiro (1). 

Recent improvements in the prepara- 
tion of concentrated, fine-grained emul- 
sions provide the experimentalist with 
a versatile tool for precise radioactive 
measurements. These plates, based on 
the researches of Powell (2), Demers 
(3), and the Eastman and Ilford Re- 
search Laboratories have distinctly 
different characteristics from the plates 
employed in optical photography and 
are conveniently referred to as nuclear 
emulsions. The characteristics differ- 
entiating nuclear and optical emulsions 
are summarized in Table 1. 

The nuclear emulsions exhibit low 
sensitivity to light, beta particles and 
gamma radiations. This permits their 
application in nuclear reactions for the 
detection of densely ionizing particles 
as the meson, proton, triton, alpha 
particle and the fragments arising from 
the fission of uranium. Optical-type 
emulsions which are readily activated 
by beta and gamma radiation are also 
blackened by densely ionizing particles. 
The optical plates, however, do not 
record microscopically resolvable tracks 
of the individual nuclear projectiles. 

The nuclear and optical-type emul- 
sions are also differentiated by their 
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TABLE 1 
Differentiation of Nuclear and Optical Emulsions 











Properties Optical Type Nuclear Type 
AgBr: Gelatin, by weight 47:53 80:20 
AgBr: Gelatin, by volume 15:85 45:55 
Grain diameter 1 to 3.5 microns 0.1 to 0.6 microns 
Grain separation Interlocking Isolated by gelatin 
Emulsion thickness 2 to 3 microns 25 to 100 microns 
Emulsion weight, mg per em? 1 to4 5 to 20 
Sensitivity to light very high poor or none 


Sensitivity to HO: vapor 
Response to alpha particles 
Response to beta particles 
Response to gamma radiation 


pseudophotographic effect latent image eradication 
dense blackening 

moderate blackening 
faint blackening 


individual tracks 
faint fog 
almost none 





diametrically opposite response to 
pseudophotographic agents. Coarse- 
grained emulsions such as X-ray film 
and commercial ortho plates are rapidly 
fogged in the absence of light by ex- 
posure to minute quantities of hydrogen 
peroxide. As demonstrated by Church- 
ill (4), even the traces of hydrogen 
peroxide generated in the reoxidation 
of freshly abraded metals, such as alu- 
minum and cadmium, suffice for the 
activation of optical-type emulsions, 
and images of the abrasion marks are 
recorded on the developed plate after 
several days contact with the metals. 
In contrast, fine-grained emulsions, 
such as the Eastman “Fine-Grained 
Alpha” and NTA plates, and the 
Ilford Type C-2, commonly employed 
as recording media for the tracks of 
nuclear particles, are not fogged by 
prolonged exposure to high concentra- 
tions of hydrogen peroxide vapor (5). 

Indeed, recent investigations (6) 
show that traces of hydrogen peroxide 
destroy the latent image of densely 
ionizing particles, and that this simple 
treatment suffices for the eradication 
of the accumulated background tracks 
in old plates, providing a clean slate 
for the registration of newly incident 
radiation. The role of hydrogen perox- 


NUCLEONICS - May, 1948 


ide appears to be an important factor 
in the retention of the latent image, and 
has an important bearing in exposures 
of long duration to feeble radioactive 
sources. 

The modern nuclear-type emulsions 
such as Eastman NTA and Ilford C-2, 
are composed of finely dispersed silver 
halides, essentially AgBr, in a medium 
of gelatin and residual water. Because 
of the high concentration of silver 
halide, nuclear particles expend a large 
proportion of their energy in the dis- 
persed grains, and the developed tracks 
are very nearly continuous lines, de- 
spite the essential heterogeneous char- 
acter of the recording medium. 

The mechanism of track registration 
is shown schematically in Fig. 1. An 
incident particle or photon (hv) is cap- 
tured by one of the component nuclei 
of the emulsion. On disintegration of 
the compound nucleus, several charged 
and uncharged fragments are ejected, 
of which, for simplicity, only three 
types will be considered. Each par- 
ticle travels a distance in the emulsion, 
known as its range. This is dependent 
on its energy of ejection, its rate of 
energy expenditure and the stopping 
power of the emulsion. 

The formation of a track and its 
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FIG.1. Mechanism of track registration 


A. Trajectories of a neutron (n), alpha 
particle (a) and a proton (p) in a thick 
layered fine-grain emulsion. 

B. Tracks produced by the ionizing 
particles after development, fixation, 
washing and drying. The extraction of 
the nonactivated silver halide by fixation 
causes about a 50% depth shrinkage. 





microscopic characteristics are defined 
essentially by its charge (e), mass (M) 
and energy (£) of the particle. The 
ionization produced along the trajectory 
is roughly proportional to e?M/E. The 
doubly charged alpha particle and the 
singly charged proton cause ionization 
along their trajectories and form a 
latent image in the AgBr grains tra- 
versed. If the alpha particle and the 
proton are ejected with equal kinetic 
energies, their irrelative ionization will 
be about 16:1. The neutron having 
zero charge does not activate the 
emulsion. It may, however, record a 
track at some point distant from the 
initial event if it is captured by an 
atom in the emulsion. 

Since the recording medium is 
heterogeneous, randomly oriented grains 
along the trajectory will be pierced by 
the particle along chords of variable 
length. When the charged particle 
passes through a major diameter, it is 
more apt to render the grain develop- 
able than when it crosses at or near 
grazing incidence. In emulsions of 
adequate sensitivity, nearly all grains 
are activated along the trajectories of 
slow alpha particles and heavy fission 
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fragments. When the particle, as a 
fast proton, has but moderate ionizing 
power, only the more strongly activated 
grains are reduced to silver during the 
chemical development. 

In exposures where the plate is de- 
veloped shortly after the occurrence of 
the nuclear evaporation, the trajectories 
of the two ionizing particles under 
consideration, @ and p, will be outlined 
by grains of silver, as shown in Fig. 1B. 
The initial and terminal silver grains 
are a measure of the range. The mean 
grain spacing, A = L/(n — 1), where L 
is the track length in microns and » 
represents the number of developed 
grains, serves to differentiate particles 
of markedly different mass and charge. 
The nuclear emulsion is thus in many 
respects comparable to a continuously 
functioning cloud chamber in its ability 
to differentiate the trajectories of 
ionizing nuclear fragments. 

Energy is also expended in traversing 
the gelatin separating the silver bro- 
mide grains. Under normal ambient 
conditions the gelatin retains about 
10% water, and radiations, particularly 
alpha particles, decompose the water 
and generate hydrogen peroxide. On 
delayed development, the hydrogen 
peroxide has opportunity to diffuse into 
the surrounding grains and act on the 
latent image.* If the event described 
in Fig. 1 occurred during the early days 
of a prolonged cosmic-ray exposure, on 
development the proton track would 
not have been evident and the trajec- 
tory of the alpha particle would have 
been defined by a smaller number of 
grains. 

The recording mechanism, as de- 
duced from studies of factors controlling 
fading of the latent image (6, 7), con- 
sists of two competitive processes. 
The formation of specks of metallic 


* Hydrogen peroxide exerts a solvent action 
on colloidally dispersed silver. The rapid fad- 
ing of the latent image of densely ionizing radia- 
tions is explicable on the basis of the solution of 
the silver specks by hydrogen peroxide. 
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TABLE 2 
Track Characteristics in the Eastman NTA-emulsion 





Particle 

in Mev 

RaF alpha particle 5.30 
Proton 4.0 
Proton 7.5 
Proton 3 
Meson of 200m, 4.1 


Energy Total Range 
in microns 


Mean Grain 
Spacing 
in microns 


Grain Density 
(grains per micron) 
Fast End Slow End 
0.58 8: 82 
64 





silver in the silver bromide grains tra- 
versed by the densely ionizing particle 
and the generation of traces of hydrogen 
peroxide in the gelatin component. 
During photographic development, the 
silver specks serve as nuclei for the 
reduction of the entire grain to metallic 
silver.* The hydrogen peroxide tends 
to destroy the latent image and the ex- 
posure must be arranged so as to mini- 
mize diffusion of the hydrogen peroxide 
into the silver halide grains. These 
concepts help to explain the following 
observations on the fading of the latent 
image: 

1) Track deterioration is much more 
pronounced in emulsions of high 
gelatin content. 

Fading increases in exposures con- 
ducted in warm humid atmos- 
pheres. 

Fading is inhibited by exposing at 
low temperatures in dry air. 

The latent image is destroyed by 
incorporating traces of hydrogen 
peroxide in the atmosphere in 
which exposed plates are stored 
prior to development. 


t This factor makes the microscopic detec- 
tion of the track feasible. Measurements by 
Rutherford show that the radius of action of an 
alpha particle in zine sulfide crystals is about 
7 X 10-* cm. In the emulsions under con- 
sideration the effective radius of action is 
limited by the grain size, measuring about 
10-* em in radius. The photcgraphic ve 
ment increases the visibility of the initial 
trajectory by a factor of 10‘. 
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Differentiation of lonizing Particles 


In traversing the nuclear emulsion, 
a polonium alpha particle of 5.30 Mev 
records a track, about 23 microns long, 
composed of about 45 developed silver 
grains. With more densely ionizing 
radiation, as fission fragments, the 
tracks are practically continuous. The 


variation in grain density, n/L, or the 
mean grain spacing, L/(m — 1), along 
the tracks of protons and mesons, often 


permits their differentiation from the 
tracks produced by alpha particles or 
deuterons. 

The grain density is dependent on 
the emulsion characteristics, the extent 
of fading, and the conditions of devel- 
opment.t Extensive data on grain 
characteristics of different nuclear par- 
ticles have been accumulated by the 
British investigators using the Ilford 
C-2 emulsion. The characteristics of 
tracks recorded in the Eastman NTA 
plates is summarized in Table 2, The 
emulsion has a stopping power of 
about 1730 for alpha particles of 4.7 
to 8.8 Mev kinetic energy. The dif- 
ficulties of processing and observing 
thick-layered emulsions limits the prac- 
tical emulsion thickness to about 100 
microns. Long-ranged particles, there- 


tt is not practical to describe laboratory 
procedures in the present review. Details 
cn the preparation of thin sources, microscopy. 
and photographic processing are included in a 
manuscript in preparation (8). 











fore, do not record their complete 


trajectories unless incident at small 
angles with the emulsion plane. More 
often, the tracks terminate in the glass 
or air interface and a direct estimate 
of the particle energy cannot be estab- 
lished from the recorded track length. 

The tracks of certain particles, as fast 
protons, exhibit a marked variation in 
the grain density at the initial and 
terminal portions of the trajectory. 
When the origin of the track is defined, 
as in a nuclear evaporation, where all 
tracks originate from a common center, 
the grain density of the recorded por- 
tion, with the aid of calibration data as 
shown in Fig. 4, permits the extrapo- 
lation of the full track length. 


Alpha-particle Tracks 
The nuclear emulsion is a convenient 
tool for the study of radioactive systems 


containing alpha-particle-emitting iso- 
topes. While these isotopes are limited 
to the members of the uranium, ac- 
tinium, and thorium series (of chief 
interest in problems of geochemistry), 
the synthetic transuranium elements 
provide an additional group of new 
alpha emitters of both scientific and 
practical interest. The emulsion is 
poorly sensitive to beta particles, and 
the @ tracks recorded by minor amounts 
of plutonium or actinouranium are 
readily detected in the presence of the 
beta-emitting fission products. 
Alpha-particle activities can be meas- 
ured by exposing thin weighed films of 
the sample or isolated carrier fractions 
in close proximity to the emulsion. 
Massive samples, such as the polished 
surface of rocks or minerals, can be 
placed in direct contact with the 
emulsion. By extending the exposure 
so that 10’ tracks per cm? are recorded, 
a visual image of the radioactive segre- 
gates is produced. A second colinear 
brief exposure, producing a micro- 
scopically countable track population, 
permits a quantitative estimate of the 
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activities of individual segregates. The 
reliability of these counting techniques 
has been investigated by Yagoda and 
Kaplan (9). Their preliminary results 
on the disintegration rate of uranium 
show good agreement with the accepted 
value. 

In quantitative alpha-particle count- 
ing, each portion of emulsion serves 
as an independent measuring device. 
Since a separate plate is used for each 
sample, it is practical to incorporate the 
radioactive source in the emulsion 
This is achieved either by immersing 
the plate in a solution of the sample or 
by allowing a measured volume to 
evaporate on its surface. This ‘‘load- 
ing technique,” when applicable, offers 
many advantages. It provides a count- 
ing geometry of about 90%. The 
source ions in the 
emulsion, and the alpha particles record 
full energy tracks. 

Recent studies of the loading tech- 
nique by Broda (10, 11) show that the 
mechanism of ion pickup is essentially 
one of adsorption. At constant tem- 
perature, plates loaded from solutions 
of increasing uranyl-ion concentration 
adsorb uranium, as indicated by auto- 
registration of the alpha tracks, following 
the well known Freundlich adsorp- 
tion isotherm. When loading does not 
destroy sensitivity, small concentrations 
of nuclei of different atomic number 
can be incorporated in the emulsion. 
Thus, the incorporation of B!°® or Li® 
permits the study of slow neutron 
fluxes. 

By measuring the track lengths in 
uranium-loaded plates, Powell and col- 
laborators (2) found that the groups 
of alpha particles emitted by UI and 
UII are readily resolved. Independent 
studies by Demers (3) show that for 
the alpha rays of ThC’ the standard 
deviation in range measurement is 2%. 
The straggling of the range is accentu- 
ated in emulsions owing to the large 
proportion of elements of high atomic 
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is dispersed as 

















weight. In actinium-loaded emulsions, 
Gulliot and Perey (12) observed that 
the principal group of particles have a 
range of 3.46 air-cm. Measurements 


by Faraggi (13) on thorium-loaded 
emulsions yield a range of 2.43 + 0.03 
air-em, bringing the range in better 
conformity with the pleochroic halo 
measurements for this element. The 
method has also been applied in the 
study of the short-ranged alpha par- 
ticles emitted in the spontaneous decay 
of samarium. The measurements of 
Blau (14) and Ciier (15, 16) indicate 
that, besides the principal body of 1.13 
air-cm tracks, samarium or an allied 
rare earth also gives rise to more ener- 
getic alpha particles. 

Another example of the diversified 
potentialities of the emulsion technique 
is illustrated by the work of Chang on 
the fine alpha-ray structure of polonium 
(17) and radium (18). The alpha par- 
ticles, sorted out by a strong magnetic 
field, are focused onto a nuclear type 
emulsion. On development the prin- 
cipal body of monoenergetic alpha 
particles records a black line. Micro- 
scopic examination of adjoining areas 
of the plate reveals the presence and 
relative number of particles emitted 
with different initial velocities. Beams 
of ions of different mass can also be 
deposited on the emulsion, and track 
formation serves as an indicator for the 
radioactive isotopes. Wilkins and 
Dempster (19) were thus able to 
demonstrate that Sm'* is the isotope 
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FIG.2. Alpha-ray stars 

in a thorium-loaded 

emulsion. Darkfield 

illumination, magnifica- 
tion 620 x 


responsible for the short-ranged alpha 
particles emitted by the element. 


Alpha Stars 


When the emulsion is loaded with an 
alpha-emitting element whose decay 
products are short-lived and also dis- 
integrate by alpha-particle emission, 
the event is recorded by two or more 
tracks originating from a common cen- 
ter, conveniently referred to as @ stars. 
These @ stars are particularly frequent 
when the plate is loaded from a dilute 
thorium solution, because isotopic RdTh 
and its successive disintegration prod- 
ucts, ThX, Tn, ThA and ThC + ThC’, 
are short-lived and eject alpha particles. 
Typical alpha stars are illustrated in 
Fig. 2. 

Radiochemically pure uranium, free 
from its disintegration products does 
not give rise to alpha stars during an 
exposure of 100 hours. Radium, like 
radiothorium, is a prolific star begetter, 
and quantities as little as 107% g Ra 
per mg of U can be detected in an emul- 
sion loaded from a solution of the 
preparation. The Th stars and the 
Ra stars are readily differentiated by 
range measurements of the individual 
tracks. In a V-branch event, two or 
more tracks may terminate in the 
emulsion, and their full lengths provide 
a means for the identification of the 
parent element. When the ThC’ alpha 
track is fully recorded, the star can be 
identified by casual observation because 
its 49 micron length in the emulsion 
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FIG.3. Photomicrographs showing com- 

parative grain density of alpha particle 

and proton tracks. Kdéhler illumination, 

98 X oil-immersion objective, total mag- 

nification about 1 

A. Complete trajectory of a ThC’ 
alpha particle, 8.8 Mev 

. Fast end of track produced by a 

6.5-Mev proton 
. Slow end of the same proton track 





distinguishes it from all other known 
spontaneous alpha-emitting elements. 

Alpha-star formation is a character- 
istic of series disintegration. The 
technique was employed by the Ca- 
nadian investigators (20) in establishing 
the presence of the 4n + 1 series from 
the decay of U***. The loading method 
should also prove applicable in similar 
studies on the alpha isotopes of ameri- 
cium and curium. 

It is important to note that the 
gelatin employed in the manufacture of 
emulsions contains about 10-7 gm Th 
per gram. This gives rise to alpha 
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FIG. 4. Relationship between terminal 
grain density and range of proton tracks 


stars at a rate of about 0.2 per cm? pe: 
day. In old plates the population of 
these terrestrial stars is appreciable, 
and because of partial fading of certain 
track structures they may be confused, 
at first glance, with cosmic-ray-induced 
nuclear evaporations. While VI- 
branched Th stars are possible, they 
are very rarely observed, even in emul- 
sions loaded with thorium. Thus, the 
rare nuclear evaporations can be dif- 
ferentiated by a multiplicity greater 
than V and the presence of 1 or more 
tracks with a recorded length exceeding 
50 microns. In cosmic-ray stars, pro- 
ton tracks predominate; there is no 
possibility of confusion with the alpha 
stars in a properly exposed emulsion. 


Proton Tracks 


The modern nuclear-type emulsions 
record the tracks of protons with a 
mean grain spacing sufficiently char- 
acteristic to permit their ready dif- 
ferentiation from the tracks of alpha 
particles of comparable energy. For 
purposes of calibration, the emulsion 
is supported at right angles to a beryl- 
lium disk carrying a deposit of about 1 
millicurie of polonium per cm*. The 
fast neutrons originating from the 
Be®(a,n)C reaction, on colliding with 
a hydrogen nucleus in the gelatin, cause 
its acceleration with the ultimate pro- 
duction of a proton track. These 
tracks have distinctive lengths and 
grain density and frequently exhibit 
scattering which permits their ready 
identification. A typical knock-on pro- 
ton track is exhibited in Fig. 3. The 
variations of grain density as a function 
of full track length is represented in 
Fig. 4. 

The 


registration of proton and 
deuteron tracks has played an impor- 
tant role in the study of the mechanisms 
of nuclear reactions. Plates are ex- 
posed in special scattering cameras, 
described by Wilkins (21) and Powell 
(22), so as to record the particles 
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FIG. 5. 





Radiocolloid aggregate in a radium-loaded emulsion. 


Darkfield illumination, magnification 570 x 
The black core under darkfield illumination results from dense silver deposit at the 


point of origin of the tracks. 


The intermediary white halo represents the termination 


of the alpha particles originating from the decay of Ra, Rn and RaA. The external 
halo of individually resolvable tracks is composed of the tracks of the energetic RaC’ 


alpha particles. 


Several alpha stars are recorded in the background. 


series decay of individual radium atoms. 


These originate from the 





ejected from thin metallic foils under 
bombardment by cyclotron-accelerated 
Details of these methods are 
described in the recent work of Powell 
and collaborators on proton (23, 24 
and deuteron (25) scattering by ele- 
ments of low atomic weight. A modi- 
fied scattering camera for studying the 
angular distribution of the alpha par- 
ticles in the Li?(p,a@)@ reaction is de- 
scribed by Rubin (26, 27). 


particles. 


Tracks of Fission Fragments 

The massive fragments ejected in the 
neutron-induced fission of uranium, 
thorium and plutonium are very densely 
ionizing and produce distinctive tracks 
in emulsions of low sensitivity. By 
special processing the sensitivity can 
be reduced sufficiently so that protons 
and alpha particles do not record tracks, 
and only the trajectories of the fission 
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fragments are delineated. Special 
plates of this character have been de- 
scribed by Borst and Floyd (28), and 
independently by Perfilov (29), Demers 
(30), and Richards and Speck (81). 
It is noteworthy that uranyl ions tend 
to desensitize nuclear-type emulsions. 
By augmenting their concentration in 
the emulsion, as shown in the work of 
Green and Livesey (32), the alpha 
tracks originating from the spontaneous 
decay of the uranium are weakened 
sufficiently so that the more robust 
tracks of*the fission fragments can be 
differentiated. 

The emulsion technique has revealed 
that the fission process is accompanied 
by the emission of light charged par- 
ticles. Demers (30) and Wollan (33) 
have demonstrated the ejection of long 
range fragments with a mass compa- 
rable to the alpha particle. Very short 
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FIG. 6. Alpha-ray pattern of pitch- 

blende from Belgium Congo. Positive 

print, no magnification. Variationsin 

photographic density correspond to dif- 

ferences in uranium content throughout 
the cross section of the mineral 





range particles of 0.87 air-cm accom- 
panying the fission fragments have been 
reported by Green and Livesey (34). 
Tsien San-Tsiang and co-workers (34) 
have observed events in neutron- 
irradiated uranium-loaded emulsions 
indicative of tertiary (36) and qua- 
ternary fission processes (37). The 
method has also been applied in the 
estimation of the energy of thorium 
fission fragments (38). 


Radiocolloid Registration 


By loading the emulsion with ex- 
tremely dilute solutions of short-lived 
radioactive ions, microscopic examina- 
tion of the processed plate reveals, be- 
sides the anticipated background of 
single tracks, structural units éomprised 
of numerous tracks radiating from a 


common center. These track orienta- 
tions suggest the point aggregation of 
several million radioactive atoms. 
Chamie (39, 40), who first observed the 
phenomenon photographically, desig- 
nated these units of extraordinary 
activity as ‘‘radiocolloids.’”’ A radio- 
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FIG. 7. Alpha-ray pattern of an essen- 
tially unaltered crystal of thorianite. 
Macrograph, 10 xX. White areas corre- 
spond with position of nonradioactive 
inclusions in the crystal cross section 





colloid aggregation in an emulsion 
loaded with radium is exhibited in Fig. 5. 

The radiocolloid aggregates present 
in solutions of high dilution, exhibit a 
pronounced tendency for adsorption 
within capillary structures. They are 
often encountered in alpha-ray patterns 
of biological tissues carrying tracer doses 
of alpha-particle-emitting isotopes 
Radiocolloid aggregates are also formed 
in alteration processes of primary 
uranium minerals (41), and are oc- 
casionally encountered in radium con- 
tent analyses of rock samples. 


Alpha-ray Emission Patterns 

The emulsion integrates all incident 
alpha tracks and, when the total 
radiation exceeds about 107 @ particles 
per cm?, on development a visual image 
of about 0.2 photographic density is 
produced. Because of the small range 
of alpha particles in solids, the visual 
pattern is sharply delineated and a 
microscopic resolution of about 20 
microns is readily attainable. An 
autoradiograph of a polished surface 
containing alpha-active segregates, 
made on nuclear-type emulsions, pro- 
vides a unique tool for studying distri- 
bution and measuring activity of the 
radioactive components. 

The application of these ‘‘alpha-ray 
patterns” has been described (5) in 
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the classification of uranium = and 
thorium minerals. The photographic 
density is an approximate measure of 
the alpha-ray activity and, hence, 
of the uranium and thorium contents of 
the minerals. The pattern depicts 
clearly the variation in alpha-ray ac- 
tivity within mineral sections, and 
provides an index for their suitability 
as indicators for age determinations by 
Pb/U ratios. Typical alpha-ray pat- 
terns of altered and unaltered radioactive 
minerals are described in Figs. 6 and 7. 

Accurate activity measurements of 
individual minute segregates can be 
made by a dual-exposure technique. 
The first exposure is prolonged suffi- 
ciently (2-10 days) for the production 
of a visually discernible image. This 
is followed by a brief exposure of about 
15-60 minutes on an adjacent portion 
of the same plate. On development 
the first exposure depicts the segregates, 
and the track population in the second 
exposure is suitable for activity meas- 
urements. The track count per segre- 
gate can often be translated in terms 
of the composition of the parent element 
giving rise to the activity by formulae 
based on the geometry of infinitely 
thick solids. The potentialities of this 
method in the study of the distribution 
of radioactive components in rocks has 
been considered in a mathematical 
treatment by Joliot-Curie (42). Pre- 
liminary experiments (8) show that, by 
prolonged exposures, activities compara- 
ble to 10-!° gm of Ra can be measured 
accurately, and smaller quantities are 
readily detected when the active com- 
ponents exhibit segregation. 

Analogous methods are directly ap- 
plicable in the study of localization of 
alpha-emitting elements in biological 
tissues, metals, alloys and synthetic 
crystals grown in the presence of traces 
of radioactive elements. With bio- 
logical materials a thin section of the 
paraffin infiltrated material can be 
deposited in direct contact with the 


NUCLEONICS - May, 1948 


pre-moistened emulsion. The tissue 
adheres to the gelatin, and can be 
stained successfully after photographic 
processing. When examined micro- 
scopically, each alpha particle track 
can be traced back to the cell in which 
the alpha disintegration occurred. This 
technique developed by Endicott (43) 
is applicable to the precise localization 
of even long-lived elements such as 
thorium, and promises to become an 
important tool in histochemistry. 

An alternative technique, applicable 
in the study of individual grains of 
finely divided materials, such as placer 
sands and soils, is to sprinkle the pow- 
der on a water-moistened emulsion. 
On drying, the granules become em- 
bedded in the gelatin and, when of an 
insoluble nature, persist in position 
during the stages of photographic 
processing. Microscopic examination, 
after a suitable period of exposure, 
reveals the individual incorporated 
sources. Radioactive grains are readily 
differentiated from inert ones by the 
radial alpha-ray tracks directed from 
them. <A typical microscopic field is 
reproduced in Fig. 8. This method 
has been emploved in the study of the 
radioactivity of soil minerals by Tyler 
and Marais (4). By growing bacteria 
in a culture medium containing radium 





FIG. 8. Comparison of radioactive and 

nonradioactive mineral fragments. 

Darkfield eo magnification 
310 x 


11 








or other alpha-decaying tracer isotopes, 
the enhanced activity of the micro- 
organisms can be demonstrated by 
depositing a suspension on a nuclear- 
type emulsion (45). The method 
should prove of interest in studying 
selective adsorption effects from culture 
media with admixed radioactive ions. 


Cosmic Radiation 

One of the principal advantages of 
the emulsion technique of radioactive 
measurements resides in the continuous 
recording properties of the medium. 
Rare radioactive events, necessitating 
the taking of thousands of individual 
cloud-chamber photographs can, there- 
fore, be integrated in one prolonged 
exposure of a nuclear emulsion. This 


is particularly advantageous in the 
measurement of low neutron fluxes, and 
in the rare instances where components 
of the cosmic radiation cause nuclear 
evaporations with the production of 
densely ionizing particles. 

The collision of fast neutrons with 


hydrogen atoms in the emulsion results 
in the formation of a proton track. 
When the energy of the neutron is high, 
the length of the proton tracks may 
exceed several millimeters in the emul- 
sion. Owing to the limited thickness 
of the emulsion, only’small portions of 
the proton trajectory are usually re- 
corded. This does not permit an 
accurate evaluation of the energy of 
the incident neutron. In boron-loaded 
emulsions fast neutrons can interact 
with B!° nuclei as follows: 
B'!? + n! + Het + Het + H® 

This event is recorded in the emulsion 
by a III-branched star composed of 
two alpha-particle tracks and a triton. 
The range of these particles is small; 
hence, there is a fair probability that 
all three tracks will be fully recorded 
within the emulsion layer. This tech- 
nique has been studied by Lattes and 
Occhialini (46) for the estimation of the 
energy and momenta of fast neutrons 
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in the cosmic radiation. In boron- 
loaded Ilford plates exposed to 13.4 
Mev neutrons, microscopic examina- 
tion revealed many III-particle dis- 
integrations. Grain counts showed that 
two of the tracks were produced by 
a@ particles of 7.4 and 1.4 Mev, and 
the third by a triton of 5-Mev energy. 
It is thus seen that the total recorded 
energy of 13.8 + 0.5 Mev is in close 
agreement with the known energy of 
the incident neutrons. In similar plates 
exposed at 2800 meters elevation, 
Lattes and Occhialini observed III- 
branched stars whose track lengths cor- 
responded to neutron energies of 50 Mev. 

Slow neutrons can be _ recorded 
photographically by loading the plates 
with boron or lithium. The incidence 
of the nonionizing neutrons is made 
manifest by the tracks of particles 
emitted in the following reactions: 

(a) B® + n!— Het + Li’ 
(b) Lit + n!-— Het + H3 

The total track lengths are com- 
paratively short in reaction (a), the 
trajectories of both particles totaling 
about 7 microns. While the cross sec- 
tion of reaction (6) is smaller than in 
(a), it is favored by the distinctive 
grain spacing and greater range which 
totals 40 microns. Slow neutrons also 
interact with the nitrogen of the gelatin, 
N'4(n,p)C'4%, and record protons of 
about 6-microns range. 

Neutron fluxes can also be measured 
with the aid of uranium-loaded plates, 
the number of fission tracks serving as 
an index of slow-neutron abundance. 
Plates of this character have been ex- 
posed at high altitudes to cosmic-ray 
neutrons by Lark-Horovitz (47), and 
more recently by Froman, Rosen, and 
Rossi (48). Using foils of U2** weigh- 
ing 1 mg/em?, in direct contact with 
fission plates, they observed a cosmic- 
ray neutron flux of 20 per cm? per min 
at an elevation of 10 km. When the 
exposures were conducted under par- 
affin, the number of recorded fission 
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FIG. 9. Nuclear 
evaporation recorded in 
an emulsion exposed 
near sea level. ark- 
field illumination, mag- 
nification 860 x 


This event is represented by one alpha particle and five proton tracks, as determined 


by grain counts at 1250 x magnification. 


The cosmic ray star probably represents a 


7N'*-— > .He* + 5:H' + on' disintegration. 





tracks indicated a slow neutron flux of 
130 per cm? per min. 

Perhaps the most important appli- 
cation of the emulsion technique resides 
in the recording of the trajectories of 
the fragments resulting from nuclear 
evaporations. These cosmic-ray stars 
were first observed by Blau and Wam- 
bacher (49) in plates exposed on Mt. 
Hafelekar at 2300-meters elevation. 
The phenomenon was confirmed in 
studies by Zhdanov (40), Shopper (51), 
Bose and Choudhuri (62). 

The multiplicity, relative number, 
and recorded lengths of the ionizing 
particles are variable. The number of 
proton tracks usually exceeds the num- 
ber of alpha trajectories. By assuming 
the ejection of a number of neutrons 
equal to the recorded number of proton 
tracks, it is possible to evaluate the 
mass and charge of the target nucleus. 
In the evaporations observed most fre- 
quently, the recorded trajectories indi- 
cate the evaporation of C™ or N' 
nuclei, but stars with as many as 22 
and 25 branches have been reported 
by Roy (63) and Zhdanov (64), 
respectively. 

An example of an N' evaporation 
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observed in an emulsion exposed near 
sea level is reproduced in Fig. 9. The 
sum of the binding energy and the 
kinetic energy of the fragments is 
explicable by the assumption of the 
entry and annihilation of a particle of 
300 electron masses (54). 

An important contribution to meson 
theory has been made in the observa- 
tion by Perkins (56, 57) and also 
Lattes, Occhialini and Powell (8) of 
the emission of light and heavy mesons 
during nuclear evaporation processes. 
The tracks of these particles have 
characteristic grain spacing that per- 
mits their differentiation from each 
other and also from heavier particles 
of the same charge, such as the proton. 

A dual event, probably composed of 
two meson tracks, is described in Fig. 
10. Perkins (59) has observed that 
the ratio of long single tracks to cosmic- 
ray stars is about 20 and that the ratio 
is nearly independent of the altitude 
and the atomic number of surrounding 
metallic filters. The use of background 
eradicated emulsions should prove 
serviceable in securing further data at 
different altitudes and geomagnetic 
latitudes, free from ambiguities intro- 
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FIG. 10. 





Dual event of cosmic ray origin. 


Darkfield illumination, magnification 570 x 


Track A is 127 microns long, and has a mean grain spacing of 1.05 microns. 


The 


grain densities at the initial and terminal points are not compatible with those of a 


proton of equal length. 


Track B terminates in the glass backing. 
established with certainty from the recorded portion measuring 162 microns. 


The track probably represents the trajectory of a meson. 


The identity of the particle cannot be 
Mean 


grain spacing of 2.05 microns is indicative of either a high-energy proton or meson. 
Surrounding short tracks were recorded by a particles from an experimental exposure. 





duced by the age of the plates and 
variable fading of the latent image. 
The nuclear-type emulsions are also 
of importance in studying disintegra- 
tion of nuclei by incident 
accelerated to high velocities in cyclo- 
Gardner and Peterson (60) have 


particles 


trons. 
observed numerous instances of multi- 
branched stars in emulsions exposed 
briefly to alpha particles and deuterons 
accelerated in the 184-inch Berkeley 
cyclotron. Studies of this character 
may lead to the detection of ejected 
meson particles, since the energy of the 
incident projectiles approaches those of 
cosmic ray components.* 
The historian reviewing 
developments between the 
Rutherford’s transmutation of nitrogen 
and the present is likely to describe the 
period as one of elaborate instrumenta- 
tion. Among the cyclotrons, linear 
accelerators, and mammoth atomic 
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scientific 
time of 


piles, the miniature nuclear emulsion is 
somewhat of an anachronism. Indeed, 
it is an incongruous item reminiscent of 
alchemy, prepared by mixing lunar 
caustic with an extract of cow’s hide, 
in a room in which the light of the sun 
neverenters. To complete the analogy, 
the adept examining the plate after its 
prolonged exposure on a mountain top 
may observe cosmic-ray stars. 


* Note added in proof: The artificial creation 
ef mesons has recently been accomplished by 
E. Gardner and C. M. G. Lattes [NucLEonics 
Vol. 2, No. 4, 71; Science 107, 270 (1948). 
Alpha particles accelerated to 380 Mev by the 
184-inch Berkeley cyclotron were passed 
through thin targets of several elements differ- 
ing in atomic number. The charged disin- 
tegration products were deflected by a magnetic 
field and roughly fecused on the edge of nuclear- 
type emulsions. Microscopic examination of 
the plates revealed about 50 meson tracks along 
an edge, as identified by grain spacing and 
scatter along the trajectory. Some of the 
meson tracks were observed to terminate in an 
evaporation star, similar to ones observed, on 
rare occasions, in plates exposed to cosmic 
radiation at bigh altitudes. The mean mass of 
the meson particles is estimated at 313 + 16 me. 
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THE NEUTRINO 


A review of the growth of experimental and theoretical evi- 
dence for the existence of the neutrino, including important 
recent experiments of the author. 


The philosophical reason- 


ing behind the hypothesis of nuclear particles is also explained 


By CHALMERS W. SHERWIN 


Department of Physics, University of Illinois 
Urbana, Illinois 


THE NEUTRINO is a hypothetical par- 
ticle which was invented mainly to save 
the principle of the conservation of 
energy, but it is also intended to con- 
serve angular momentum (/ pin), and 
statistics, in the process of beta decay. 
Beta decay is considered to be an elec- 
tron and neutrino leaving the parent 
nucleus. A proton (or a neutron) is 
transformed into a positive (or nega- 
tive) electron and a neutrino (or anti- 
neutrino). There may be no observable 
difference between the neutrino and 
the antineutrino. 

In the early 1930’s, it was conclu- 
sively proved that roughly half of the 
energy known to be available in beta 
decay was disappearing in some inde- 
tectable manner. Pauli suggested that 
a neutral, lightweight particle could 
carry away this energy and still not be 
detected. In 1933, Fermi (/) included 
this particle in his beta-decay theory 
where its presence explains the distri- 
bution in the electron energies. The 
theory also has some success in calcu- 
lating the half-lives of beta-active 
nuclei. A summary of the Fermi 
theory and its applications is given by 
Konopinski (2). 

Probably the most remarkable char- 
acteristic of the free neutrino is a failure 
to react with matter in any detectable 
way. Nahmias (3) has shown experi- 
mentally that the neutrino must travel 
an average distance of at least 500,000 
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kilometers in ordinary air before pro- 
ducing a primary encounter: The proba- 
bility of the inverse beta process (a 
neutrino enters the nucleus and an elec- 
tron leaves the nucleus) can be calculated 
with the Fermitheory. The results pre- 
dict that, on the average, a neutrino will 
go through the astronomical distance 
of 10'* kilometers of solid matter before 
this process occurs. The magnitude 
of this distance is illustrated by noting 
that it is 100,000,000 times the dis- 
tance from the earth to the sun. 
Wollan (4) has recently looked for 
ionization produced by neutrinos near 
a pile which should be a very intense 
source. Again the results are negative. 
It thus appears that, once created, 
neutrinos are not detectable with 
present techniques. 

Although the free neutrino has no 
presently measurable reaction with 
matter, there is reason to believe that, 
in the process of its creation, the neu- 
trino should transfer a measurable 
impulse to the parent nucleus. Study- 
ing the neutrino by this method is 
analogous to studying a bullet fired 
from a rifle by measuring the direction 
and magnitude of the recoil of the rifle 
produced by the bullet. This paper 
will discuss experimental evidence re- 
garding the energy and momentum of 
the nucleus produced by the beta-decay 
process. 

It is an interesting philosophical ques- 
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tion whether the neutrino, if it can be 
detected only at its creation, will ever 
take on the degree of reality enjoyed, 
for example, by the neutron. From 
the operational viewpoint (4), all the 
particles of physics are devices or 
“constructs” that allow us to describe 
or “explain’’ a wide variety of experi- 
mental observations. A large collec- 
tion of cloud-chamber photographs, 
meter readings, cathode-ray tube de- 
flections, etc., are all accounted for by 
the neutron construct. In fact, one 
can almost regard the neutron as a sort 
of shorthand notation for this collection 
of observations. The neutron can 
never assume the “reality” of a tele- 
phone pole, for example, since it never 
contacts our senses in so direct a man- 
ner. When the number and diversity 
of observations quantitatively ‘“‘ex- 
plained”’ by the neutrino become large 
enough, it will probably take its place 
beside the other successful constructs. 
It may turn out that observations 
limited to the neutrino’s birth, how- 
ever numerous, will never completely 
make up for the lack of observations 
corresponding to its detection in the 
free state. For example, Peierls (6) 
recently remarked, ‘I need hardly say 
that we will never be quite satisfied 
about the neutrino unless we have 
succeeded in finding it not only emitted, 
but also absorbed.” 

Studying the recoil momentum of the 
parent nucleus offers a promising area 
of study, since momentum is a vector 
quantity capable of more complex 
combinations than is a scalar quantity 
like energy. 

An ideal experiment would be to 
measure exactly the momentum of the 
electron and also the momentum of the 
parent nucleus. The vector sum would 
then be the negative of the neutrino 
momentum. The magnitude of this 
momentum could be compared to that 
calculated from the energy of the neu- 
trino. This energy is just that part of 
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the total available energy left over after 
the electron is given the energy re- 
quired by its momentum, If the neu- 
trino momenta calculated in these two 
ways are identical, then the neutrino 
satisfies both the principles of the 
conservation of energy and the conser- 
vation of momentum. 

This experiment can be extended to 
measure the angular correlation be- 
tween the electron and the neutrino. 
This is possible to do, since the meas- 
ured momenta of the electron and recoil 
nucleus permit the reconstruction of 
the neutrino path in every case. The 
Fermi theory predicts different angular 
correlation functions (7) for the differ- 
ent formulations of the theory. This 
function is the probability that the 
neutrino will enter a solid angle ele- 
ment, dQ, making an angle @ with 
respect to the direction of the electron. 
One formulation of the theory predicts 


1 
the function = (1+ 8 cos @). Here, 
T 


B is the ratio of the electron velocity 
to the velocity of light. 

For this function, the most probable 
angle between the electron and the 
neutrino is about 60 deg. This means 
the neutrino goes most probably in the 
same hemisphere as the electron. This 
will be called a forward neutrino. If all 
elements of solid angle are equally 
likely, it will be called a random neu- 
trino. Two formulations of the Fermi 
theory predict a neutrino which does 
not have a very strong dependence on 
angle and are similar therefore to the 
random neutrino. Finally, there are 
two forms of the Fermi theory which 


1 
require — (1 — 8 cos @) for the neu- 


trino electron angular correlation func- 
tion. This will be called a backward 
neutrino since it tends to go into the 
opposite hemisphere from the electron, 
the most probable angle between the 
neutrino and the electron being ap- 
proximately 120 degrees 
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All of the angular correlation fune- 
tions listed above are supposed to hold 
only for the so-called “allowed” beta 
“‘forbidden”’ beta 
transition, Hamilton (7) has shown 


that the neutrino tends to go more in 


transitions. For a 


the general direction of the electron 
than it would if it were “allowed.”’ 

It may turn out that none of the 
angular correlation functions predicted 
by the Fermi theory will agree with 
experiment. 

If the form of the angular correlation 
function could be measured experi- 
mentally, one would have a definite 
measurable characteristic attributable 
to the This would aid in 
establishing its “reality.” Also, defi- 
nite proof that one of the functions 
predicted by the Fermi theory is in 
fact the observed function would be 
very useful in the further development 
of the theory. On the other hand, if 
the neutrino does not obey any of the 
theoretical functions, then the theory 
will have to be revised. It is clear, 
therefore, that the direction taken by 
the neutrino with respect to the elec- 
tron is of considerable interest. 

So far the rest mass of the neutrino 
has not been considered except to as- 
sume that it is very small. A recent 
summary of the evidence regarding the 
mass has been given by Frank (8). 
The method described by Frank in 
obtaining estimates of the neutrino 
mass is as follows: By studying data 
obtained by nuclear reactions outside 
of beta decay, the initial and final 
energy of the beta active nucleus is 
determined. The difference is the total 
available energy which must appear as 
kinetic energy of the electron, kinetic 
energy of the neutrino, and as the rest 
mass of the neutrino. At the extreme 
upper limit of the beta-particle spec- 
trum, the neutrino kinetic energy is as- 
sumed to be zero. Thus, if the total 
available energy exceeds the maximum 
beta-particle energy, the excess energy 


neutrino. 
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should be accounted for by the neutrino 
rest mass. Frank concludes that the 
neutrino has a rest mass of less than 
one-tenth the electron mass, and that 
there is no evidence that the rest mass 
is different from zero. 

The possibility of obtaining the neu- 
trino rest measuring the 
momentum it imparts to the nucleus 
will now be considered. If a neutrino 
has a kinetic energy £, and a rest mass 
m,, its momentum is given by the 
relativistic expression, 

py = VEWE, + myc*)/c 

When the rest mass is zero, this ex- 
pression reduces to p = E,/c. Now 
m,c? corresponds to 50 kev if m, is 0.1 
times the electron Therefore 
only when the neutrino energy ap- 
proaches 50 kev is there any hope that 
its rest mass will appreciably affect the 
magnitude of its momentum. Recent 
experiments (9) suggest that the rest 
mass may be the order of 5 kev or less. 
The kinetic energy imparted to even 
very light nuclei by these low-energy 
neutrinos is only of the order of one or 
two electron volts, an energy exceed- 
ingly difficult to measure. It thus 
appears that momentum measurements 
have little prospect of determining the 
rest mass (if any) of the neutrino. 

An excellent survey of the neutrino 
problem is given by Bethe and Bacher 
(10) and Bethe (11). This paper will 
discuss only one aspect of the problem, 
namely, energy and momentum meas- 
urements on the beta-active nucleus. 
These measurements are difficult from 
the experimental standpoint, princi- 
pally because the recoil nucleus has in 
most cases an energy of only about 100 
ev or less. An atom or ion moving 
with this energy can have its energy 
and momentum altered greatly by even 
one collision with another atom. Also, 
since ordinary beta decay seems to 
involve three particles, detectors set up 
in some definite positions to detect the 
electron and the recoil atom will detect 
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small fraction of the total 
This makes the background 


only a 
events. 
of random counts a serious matter. 
Also it should be pointed out that 
unless the recoil atom is charged, or is 
itself radioactive, it cannot be detected. 

Leipunski (12) in 1936 made a pioneer 


effort. He condensed radioactive CO, 
(C4, 8+) ona cold surface, and looked 
for the recoil of the boron atoms. He 
observed some pulses in his detection 
system which may have been due to 
genuine recoil ions, although this is not 
certain. Also he did not publish any 
data showing the upper limit, in elec- 
tron volts, of the recoils. He very 
tentatively concluded that there were 
more high-momentum recoils than 
could be accounted for by the beta 
particles alone. 

Crane and Halpern (13) in 1938 tried 
to observe the recoils from Cl** in a 
chamber but were unable to 
measure the recoil tracks well enough 
to draw any definite conclusions. 

In 1941, Alvarez, Helmholtz and 
Wright (14) studied the recoil of the 
nucleus when Cd! transforms, by 
K-capture, into Ag’. In K-capture, 
a K-shell electron is captured by the 
nucleus since there is not enough energy 
available (namely, 1.02 Mev) to create 
a positive electron. During this proc- 
ess, a neutrino is assumed to be emitted, 
since, except for energy considerations, 
an electron entering the nucleus is 
equivalent to a positron leaving the 
nucleus. Fortunately, the Ag!” nu- 
cleus is in an excited state and is de- 
tectable by its radioactivity. If a 
neutrino leaves the nucleus, it should 
give about 8 ev energy to the nucleus 
by virtue of conservation of momentum. 
The Ag’? atoms were, in fact, kicked 
off the surface on which they were ini- 
tially deposited by evaporation. Since 
they were not charged, no measure of 
their energy could be made. How- 
ever, these experiments definitely lend 
weight to the neutrino hypothesis. 
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FIG. 1. Recoil ions from the K-cap- 


ture of Be’, as observed by Allen. The 

neutrino hypothesis predicts ions of 54 

electron volts energy. Failure to observe 

ions of this energy could be ascribed to 

energy losses of the ions as they escape 

the surface on which they were originally 
mounted 





Allen (15), in 1942, observed the re- 
coil of the Li? ions produced by K-cap- 
ture in Be’. A thin source of beryllium, 
mounted on a platinum surface, was 
observed by an electron multiplier tube. 
Some interposing grids prevented the 
field of the multiplier from reaching the 
radioactive surface. After passing 
through the grids, the recoil particles, 
if they were positively charged, were 
accelerated. They struck the first dy- 
node of the multiplier and produced 
secondary electrons which were then 
detected. Although Li’ atoms _pro- 
duced are not initially charged, they 
become so when escaping from the high 
work function platinum surface. Allen 
applied a retarding field to the escaping 
ions to observe their maximum energy. 
Fig. 1 shows the results he obtained. 
Ions with energies up to about 45 to 
47 ev were observed. Actually, if 
there were no surface effects or losses, 
the recoil ions should have been mono- 
energetic, with an energy of about 54 
ev (assuming the neutrino has an 
energy of 0.85 Mev). There appears 
to be no explanation of these 45-ev re- 
coils unless one assumes that a neutrino 
left the nucleus. A gamma ray known 
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to be present could only account for 
recoils up to 25 ev energy. The devia- 
tion of the observations from those 
predicted on the neutrino hypothesis 
can probably be ascribed to the effects 
of the surface on the escaping recoil ion. 

In 1945 Jacobsen and O. Kofoed- 
Hansen (16) observed the recoil energy 
spectrum for Kr**. A simplified draw- 
ing of their apparatus is shown in Fig. 
2. The gas is at so low a pressure that 
the mean free path is long compared 
to the dimensions of the vessel. The 
recoiling Rb** ion travels to the walls 
before there is any appreciable proba- 
bility of collision. The Rb** recoil ion 
is radioactive, and the deposit it makes 
on the wall (after going against the 
retarding electric field) can be meas- 
ured. The fact that the radioactive 
source is a monatomic gas is a great 
advantage, since then the momentum 
or energy it is observed to have is due 
entirely to the electron (and neutrino). 
One difficulty with interpreting the data 
is correcting the observations for the 
effect of the retarding field on ions of 
differing direction. In fact, only the 
direction of these corrections is known, 
and not their magnitude. 

Fig. 3 shows Jacobsen’s observations 
along with the calculated (integrated) 
recoil energy distribution curves for 
Kr*8, It should be noted that the 
calculated curves cannot be directly 
compared with the experimental data. 
The corrections mentioned above re- 
quire that the experimental curve be 
everywhere corrected upward on the 
graph. The “no neutrino”’ case is thus 
clearly in strong disagreement with 
the observations. Which of the other 
cases can be considered to be in general 
agreement with the data depends some- 
what on the magnitude of the correc- 
tions necessary for the experimental 
curve. Basing his conclusions on the 
extreme high-energy part of the curve 
where the corrections must be smallest, 
Jacobsen very tentatively decided that 
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FIG. 2. Apparatus used by Jacobsen 
for measuring the energy of the recoil 
ions from the beta decay of Kr**. The 
Rb** ions pass through the grid, against 
the retarding potential, V, and deposit on 
the right-hand wall. The number of 
ions deposited can be readily measured, 
since Rb** is radioactive 
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FIG. 3. Comparison of Jacobsen’s ex- 
perimental results on the energy of the 
recoil ions from Kr** with the results pre- 
dicted from the neutrino hypothesis. It 
is important to note that the experimental 
curve must be corrected upward at all 
points by an unspecified amount before 
it can be compared with the calculated 
curves. The disagreement between the 
experimental data and the “‘no neutrino” 
case is very clear 
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the (1 + 8 cos @) neutrino-electron cor- 
relation function is favored. This is a 
“forward”’ neutrino, going most proba- 
bly into the same hemisphere as the 
electron. 

In 1947 Fowler, Lauritsen et al. (17) 
made cloud-chamber measurements of 
the radioactive decay of Li§. Here the 
Li® goes into Be® by the emission of an 
electron (and presumably a neutrino) 
and then immediately breaks up into 
two energetic alpha particles. The 
tracks of the two alpha particles and 
the electron can be simultaneously ob- 
served in only a few cases. However, 
there are many cases where the two 
alpha particles are both visible. Be- 
cause of experimental limitations, only 
the projection of the tracks on one 
plane can be observed. Taking all the 
observations into account, the authors 
conclude that the average magnitude 
of the observable component of recoil 
momentum is about twice that due to 
the beta particle alone, and approxi- 
mately equal to that due to an electron 
and a neutrino whose direction is 
random compared to the direction of 
the electron. 

Thus with varying degrees of cer- 
tainty all the experiments described 
above show that momentum is not 
conserved in beta decay if only the 
electron and the recoil nucleus are 
taken into consideration. 

During the past year, the author (18) 
has made some experiments using very 
thin beta-active sources. With the 
availability of very high activity, 
separated, carrier-free radioactive ma- 
terials from the Clinton Laboratories, 
the possibility of producing true mono- 
layer sources of adequate activity 
(order of 10‘ per sec) is particularly 
promising. If the radioactive material 
is truly in the monolayer form and if 
the energy of the recoil ions is much 
larger than the surface binding energy, 
it is hoped that scattering of the recoil 
ions at the surface may not be serious. 
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If this should prove to be the case, this 
type of experiment makes possible the 
accurate measurement of the direction 
of the recoil ion as well as the electron. 
The localized nature of this source (com- 
pared to, for instance, diffuse gas as a 
source) simplifies angle measurements. 

The localized source also permits 
using the time-of-flight technique, so 
useful in neutron velocity studies for 
example, to be employed in the meas- 
urement of the momentum of individual 
recoilions. The beta particle, traveling 
with substantially the speed of light 
gives indication of the time of forma- 
tion of the recoil with negligible delay. 
The recoil ion is allowed to travel an 
exactly known distance in a field free 
space and then it is quickly accelerated 
and detected with an electron multiplier 
of the type described by Allen (19). 
Thus the time of flight and, therefore, 
the velocity of individual recoil ions, 
is measured. This method can be used 
to measure the mass of the recoil ion 
(assuming it to be singly charged). 

If a grounded grid is placed directly 
in front of the monolayer source and 
the source placed at a negative poten- 
tial, the time of flight is reduced due to 
the higher energy of the ion. The 
comparison of the time-of-flight meas- 
urements for different added ion 
energies permits a rather accurate 
measurement of the mass and also of 
any zero errors in the timing system. 

The preparation of thin-layer sources 
is accomplished by evaporation in a 
vacuum. After its formation, the 
surface is kept in a good vacuum con- 
tinuously to prevent too rapid con- 
tamination. Even so, in periods of 
time varying from 20 minutes to 2 
hours, deterioration of the surface due 
to deposition from residual gases and 
vapors becomes noticeable. 

Fig. 4 shows the experimental ar- 
rangement of the source S and the de- 
tectingequipment. The Geiger counter 
starts a sweep on the oscilloscope a very 
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FIG. 4. 
decay of P®**. 


mounted on S, facing the electron multiplier. 


Apparatus for measuring the time of flight of the recoil ions from the beta 
A thin layer (probably a monolayer) of the radioactive material is 


The electron starts the sweep on the 


cathode-ray tube, and several microseconds later, the recoil ion arrives at the multi- 
plier, causing a vertical deflection on the oscilloscope 





short time after the particular beta 
disintegration that produced the elec- 
tron occurred. Several microseconds 
later a pulse is observed some place on 
the cathode-ray tube sweep providing 
the recoil nucleus traveled in the right 
direction, and providing that it was 
charged. Time-of-flight spectra are 
observed with the Geiger counter at 
each of the four windows. In all 
cases tried thus far, the intensity of the 
recoils was low enough so that each 
recoil could be observed visually, and 
the time interval in which it occurred 
recorded. The simultaneous collection 
of time-of-flight data in many time 
intervals is essential since only this 
rapid process permits enough data to 
be collected before the 
contaminated. 

Fig. 5 shows the observed recoil- 
momentum spectra for the beta decay 
of P3*. The most significant point 


source 18 


about the figure is the great difference 
between the observations and the “no 
neutrino” case. If there were no neu- 
trino, the electrons and the recoil 
nucleus would always go in exactly op- 
posite directions and have the same 
momentum spectra. If there is no 
neutrino, and if there is no scattering 
of the recoils or electrons, there will be 
no recoils at angles other than 180 deg. 
The presence of recoil ions at other 
angles thus does not in itself give strong 
support to the neutrino hypothesis. 

Before discussing the comparison of 
the observations with neutrino theory 
it may be well to list the basic assump- 
tions used in calculating the recoil 
spectra expected from various forms of 
the neutrino hypothesis. 

The following equations are assumed 
to hold for beta decay where the neu- 
trino mass is small compared both to 
the electron mass and to the mass 
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equivalent of the neutrino kinetic 
energy. E> = total available energy; 
E, and E, are the kinetic energy of the 
electron and neutrino respectively; p,, 
p-, and p, are the momenta of the recoil 
nucleus, the electron and the neutrino, 
respectively. 


Eo = FE. +E, (conservation of 
energy ) 
pr =pe +p, (conservation of 


momentum ) 
py, = E,/c 
Here it is also assumed that the kinetic 
energy of the recoil is negligible. 
Combining the above equations with 
the following expression for the electron 
kinetic energy, 
E, =c V pe + (mec)? — mec? 
one obtains the useful relation between 
the magnitude of the neutrino momen- 
tum and that of the electron momentum 
(m, is the electron rest mass). 


dD. Eo De ¥ 
— =i - +1} — _ 1 
mA (*: : ) \ (*) + 


where m.c is equivalent to 1,700 gauss 
centimeters, and m,c? is equivalent to 
0.51 Mev. 

It remains only to take into account 
the angular correlation between the 
neutrino and the electron and, with 
the known solid angles (see Fig. 4), 
compute the number of recoils per beta 
particle that should be observed in each 
recoil momentum interval. This cal- 
culation is clumsy analytically, but can 
be done rather easily by a combination 
of graphical methods with numerical 
integration. 

The calculated recoil-momentum 
spectra for two assumptions about the 
neutrino angular correlation are plotted 
in Fig. 5. In plotting these curves on 
Fig. 5, all the ordinates of the (1 — 8B 
cos @) curves were first divided by the 
factor 18.5, and the ordinates of the 
(1 — 8 cos 6)? curves by the factor 12.2. 
This normalizes the amplitudes of the 
calculated 180-deg. peaks with the 
observed amplitude. If one assumes 
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FIG. 5. The observed momentum spec- 
tra of the recoil ions from the beta decay 
of P*? compared with the neutrino hypoth- 
esis. For the (1 —Scos@) and the 
(1 — 6 cos @)? neutrino-electron correla- 
tion functions, the most probable angle 
between electron and the neutrino is 
120° and 135° respectively 








the neutrino to be present, this dis- 
crepancy in absolute intensity can be 
explained by assuming that only about 
6-8% of the recoil ions escape in the 
charged state. 

In the high-momentum region, the 
observed and calculated curves are in 
fair agreement. The 180-deg curve 
favors the (1 — 6 cos @) function, and 
the 135-deg. curve favors the (1 — 8 
cos 9)? function. “Random”’ and “for- 
ward” neutrinos each predict a very 
sharp high-momentum peak for the 
180-deg. curve. These were never 
observed, even in the first few minutes 
after the formation of a fresh source. 

The systematic disappearance of the 
high-momentum recoils as the angle 
between the beta particles and the 
recoils is decreased is called the “‘geo- 
metrical cut-off.”” The agreement be- 
tween the predictions of the neutrino 
hypothesis and the observations re- 
garding this cut-off effect is considered 
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to be a good argument in favor of the 
hypothesis. 

Disappearance of the high-momen- 
tum recoils at angles other than 180 
deg also indicates that scattering of the 
high-momentum recoils is confined to 
angles less than 45 deg. 

The unexpected number of 
momentum recoils below about 20-ev 
energy is unexplained. Anomalous 
effects can be expected, however, when 
the recoil energy approaches the surface 
binding energy. 

It should be mentioned here that 
some data (20) on yttrium-90 substan- 


low- 


tiate the conclusions based on the P* 
data just The chemical 
nature of the Zr® recoils coming from 
the beta decay of Y* is very different 
from the S* recoils from P**. The 
velocity and kinetic energy are also 
quite different. Thus this Y% data 
permit a rather good check on the 
dependability of the P** measurements. 

Y*%-recoil-momentum spectra differ 
from P*? spectra of Fig. 5 in the 
following points: (a) The Zrt re- 
coils appear to lose about 6 ev energy 
in escaping from the surface. (b) 
There is no excessive intensity of the 
low-momentum recoils; in fact, they 
are too low in intensity. (This can 
be qualitatively explained by the pres- 
ence of a 6-ev work function). (c) 
Nearly all the Zr®° recoils escape in the 
charged state. (d) No recoils, above 
background, were observed at 90 deg 
and 45 deg, which fact is consistent 
with the neutrino hypothesis and the 
statistical accuracy of the background 
measurement. 

The Y* data (corrected for a 6-ev 
energy loss) agree best with the 
(1 — B cos 8)? neutrino-electron angu- 
lar correlation function. Thus, both 
P32 and Y* data are “explained” by 
assuming a neutrino which most proba- 
bly goes into the opposite hemisphere 
from the electron. 

The weakness 
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in the conclusions 





reached above is that quantitative 
measurements of the surface effects on 
the recoil ions have not been made. 
Until the surface effects can be exactly 
corrected for, the conclusion that a 
strongly “backward’’ neutrino “ex- 
plains’’ these results must be tentative. 
Considering the results of all the 
different investigators, it is increasingly 
evident that, without the neutrino, 
momentum is not conserved in beta 
decay. With the assumption of the 
existence of a neutrino, however, the 
requirements of both the conservation 
of energy and the conservation of 
momentum appear to be simultane- 
ously satisfied. For sixteen years the 
neutrino been slowly emerging 
from the mists of hypothesis. When, 
if ever, it will completely lose its 
wraith-like appearance and take on real 
substance, remains to be seen. 


has 
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Chart of Decay Periods of Radioactive Nuclei 


The chart on the following two pages is taken from “A Table of 
Radioactive Isotopes Arranged According to Half-lives,” by J. W. 
Jones and H. M. Clark (issued by the Clinton National Laboratory, 
October, 1947). The material below, which is pertinent to the 
chart, is part of the introductory description of the table. 


THE INCREASING use of neutron activa- 
tion as a method of instrumental 
analysis, and the necessity for identifi- 
vation both of mixed cyclotron activities 
and impurities in pile-activated mate- 
rials has created a need for a convenient 
method of identifying radioactive iso- 
topes from their measured properties. 
The principal compilations of radio- 
active data which are available are 
arranged according to atomic number. 
If one knows the element and either the 
isotope or the half-life, it is a reasonably 
straightforward matter to locate the 
other properties or literature references 
to the isotope. However, where the 
element is not known, it is necessary to 
search through a major portion of these 
tables. 

The information has been arranged 
according to half-life. Not only is the 
half-life usually the simplest property 
of a radioactive material to measure, 
but it also has the widest range values. 
The other nuclear properties which 
suggest themselves for classification are 
type of radiation, energy of radiation, 
and method of production. No one of 
these properties is as definitive as the 
half-life. In addition, it is common 
practice to identify an isotope by its 
half-life and element rather than by 
isotope number and element. The 
table should prove convenient for 
locating isotopes where certain limits 
of half-lives are necessary. All radio- 
isotopes of established half-life have 
been included in the table except alpha 
emitters. 

The distribution of radioactive iso- 
topes according to decay period has 
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been presented in chart form on the 
following two pages. The logarithms to 
the base ten of one over A (the decay 
constant), log 1/A, is shown as one of 
two abscissas. Since A is in sec™, 
log 1/X is then log seconds. There are 
several reasons for the inclusion of this 
number. First, the use of some con- 
tinuous system to arrange decay periods 
is desirable. The overlapping of re- 
ported half-lives of seconds into minutes, 
minutes into hours and so on, make it 
easy to overlook two adjacent activities 
because they are expressed in diffarent 
units. The use of logarithm in seconds 
of either the half-life or the decay con- 
stant provides a continuous system of 
simple numbers for the entire system 
of radioactive isotopes. 1/A instead of 
half-life was selected in order to provide 
an additional nuclear constant. 

The(n,y) and (n,n) produced isotopes 
are segregated below the heavy line. 
If an isotope is produced only by other 
processes it appears above the line. 
The isotopes are listed in columns with 
log 1/A increasing from left to right in 
steps of 0.2. A scale of conventional 
time units is shown at the top of the 
graph. 

It is interesting to note that the 
(n,y) and (n,n) isotopes fall generally 
into 5 groups with almost equal periods 
—a time factor of approximately 40 
from peak to peak. The overall (n,y) 
distribution centers around log 1/A 
equal to 5 or a half-life of 20 hours. 
There is also a period between log 1/A 
equal to 4.4 and 4.6, near the center of 
the table, where no (n,7) activities have 
been reported. 
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Interaction of Isotopic Radiation with Matter—I* 


A review of the basic physics of radioactivity and the inter- 


action of alpha, beta, and gamma rays with matter. 


Principles 


and methods for measurement of alpha and beta activities are 
explained in this first part. The discussion should serve as a 
background for tracer and therapeutic uses of radioisotopes 


By REX G. FLUHARTY 


Department of Physics and Laboratory for Nuclear Science and Engineering 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


THE PURPOSE of this paper is to give a 
general physical description of the types 
of radiation encountered in radioactive 
isotopes and to review some of the 
practical considerations involved in 
their interactiun with matter. For 
clarity and continuity of exposition, 
qualitative physical pictures are stressed, 
together with selected quantitative 
results. 

The discussion will utilize two points 
of view: an examination of the indi- 
vidual effects of single radiations; and 
an examination of the overall effect of 
many radiations. In the case of single 
radiations, the result will be inde- 
pendent of the source of the radiation. 
For example, we can discuss the indi- 
vidual interactions of a high energy 
electron with matter without knowing 
whether or not it is a beta particle.t 
But in the case of many radiations, the 
result will depend upon the types of 
radiation present. 


Segre Isotope Chart 
A method of classification of radio- 
active isotopes is presented in the Segre 
isotope chart, a portion of which is 
shown in Fig. 1. 


* This work was supported in part by the Of- 
fice of Naval Research. 


tA beta particle is a high energy electron 
which originated in the nucleus of an atom. 


Radiations from a nucleus are the 
manifestations of the tendency in 
nature for a system to occupy its lowest 
energy state, and these radiations are 
the means by which the energy transi- 
tions are detected. A chemical analogy 
is the detection of molecular or bonding 
energy changes by means of the emis- 
sion of light and heat. In chemical 
transitions, the nucleus of the atom 
remains unchanged, although variations 
occur in the electronic structure. (This 
is consistent with the fact that the 
energy involved in an_ individual 
chemical reaction is very small com- 
pared to the binding energy of the 
nucleus.{) But in nuclear transitions, 
the very nature of the atom may be 
changed, for the radiations may in- 
volve a change in the charge on the 
nucleus. Hence nuclear energy transi- 
tions may change one element into 
another element. 


Types of Radiation 
Alpha particles consist of helium 
atoms stripped of theirelectrons. Each 
alpha particle has a double positive 
charge and a weight of four atomic mass 
units. The emitting nuclei are con- 
verted, during the provess of emission 
t Chemical energies vary from 0.1 to 10 ev, 


whereas nuclear energies observed in radio- 
active radiations vary from 0.1 to 10 Mev. 
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of alpha particles, into nuclei having 
correspondingly smaller charges and 
masses. Alpha particles are emitted 
almost exclusively by the heavier nuclei 
involved in the natural and transuranic 
radioactive decay series. They are 
observed to have energy values grouped 
between 2 and 9 Mev. 

A negative beta particle is a negative 
electron emitted from anucleus. After 
emission, the atomic number of the 
emitting nucleus is increased by one; 
the mass of the nucleus remains essen- 
tially unchanged, since an electron has 
a mass of only \g40 of an atomic mass 
unit. The emission of a negative beta 
particle represents the transition of a 
neutron into a proton within the 


nucleus. Therefore it usually signifies 
an unstable nucleus with a greater 
excess of neutrons over protons than is 
normal for the atomic number of this 
nucleus. 

Positive beta particles are positive 
electrons and represent the inverse 
process to that of negative beta parti- 
cles. Thus it follows that the number 
of protons in the nucleus is in excess to 
the number normally accompanying the 
number of neutrons present. As a 
consequence a positive electron is 
emitted with a decrease of one in the 
atomic number of the emitting nucleus. 
The maximum energies of beta particles 
vary from 0.05 to 4 Mev. 

Gammaraysrepresent energy emitted 





S 





Y roys 





Class and type of radiation 
Half life 


Particles } 
Energy in mev 


TYPE OF RADIATION 


(E mox. for B particles) 





y Gamma roys 








(cx Alpha- particle) 
Negotive beta-porticie 
B* Positive beta- particle 


e Internal conversion electrons 
K Electron capture 
1.T Isomeric transition 


CLASSIFICATION ABBREVIATIONS 
A Isotope certain (Mass number and Ss Second 
element certain) M Minute 
B Isotope probable,element certain H Hour 
GC One of few isotopes, element certain D Doy 
D Element certain Y Year 
E Element probable 
F Insufficient evidence 











FIG.1. A portion of the legend from a Segre isotope chart showing the types of radia - 
tion encountered in radioactive isotopes, and the type of information that is given 


about an isotope in the chart proper. The entries in parentheses have been added by 


the author 
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FIG. 2. Disintegration schemes showing the radiations emitted by characteristic 


isotopes during radioactive transitions. 


(S**, Osborne, 1947; Mn**, Peacock, et. al., 


1946; Fe’, Deutsch, ef. al., 1942) 





from the nucleus in the form of very 
rapidly varying electric and magnetic 
fields transmitted with the velocity of 
light. They are emitted as single 
bursts of energy or photons having 
definite forward momentum. Since 
the charge on the nucleus does not 
change, gamma rays result from transi- 
tions between different energy states 
of the same nucleus. The general 
energy range of interest is 0.1 to 5 Mev. 

Internal conversion electrons result 
when the energy normally emitted by 
means of a gamma ray is coupled to one 
of the electrons surrounding the nu- 
cleus. Although not accurate, it is 
justified to think of the gamma ray as 
striking one of the electrons surround- 
ing the nucleus and knocking it out of 
its orbit, with an accompanying transfer 
of energy totheelectron. This electron 
emerges with an energy equal to the 
energy of the gamma ray minus the 
energy with which it was originally 
bound to the nucleus. 
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Electr6n capture (or ‘‘ K-capture’”’) is 
a process equivalent to positive electron 
emission, wherein a proton is converted 
into a neutron. Instead of taking 
place by the emission of a pusitive 
electron, the charge is neutralized by 
the absorption into the nucleus of one 
of the electrons surrounding the nucleus. 

Isomers are identical nuclei in differ- 
ent energy states. An isomeric tran- 
sition (I.T.) is thus the change from the 
higher to the lower energy state. It 
takes place either by the emission of a 
gamma ray or a conversion electron. 
In contrast to normal gamma-ray emis- 
sion the excited level exists for a finite 
time, i.e., it is in a metastable state. 


Methods of Disintegration of Isotopes 

In order to show how certain isotopes 
disintegrate, a group of typical energy 
level diagrams is shown in Fig. 2. The 
atomic number of the isotope changes 
on a horizontal scale with an increasing 
number to the right, and decreasing to 
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the left. The vertical distance be- 
tween the lines is proportional to the 
magnitude of the radiation energy 
involved.* The crosshatched line rep- 
resents ground level states of the 
product nuclei. 

We see again that A-capture and 
positive beta-particle emission, are 
competing processes. Both may be 
present in the same isotope, e.g., Mn 
in Fig. 2b. In fact, different beta-ray 
energies may be competing processes as 
shown in Fig. 2c. This can occur for 
beta plus as well as for beta minus. 

An example of vonversion electrons is 
not shown in Fig. 2. However, as a 
competing process to gamma-ray emis- 
sion, it will be present to a small extent 
in all the gamma rays listed. Its 
occurrence is much more probable the 
lower the gamma-ray energy and 
the higher the atomic number of 
the nucleus. 

A conversion electron, as well as 
K-capture, results in an atom with a 
hole or vacancy in one of the electron 
shells. In the subsequent refilling of 
the empty space in the electron shell, 
the characteristic X-rays of the element 
are emitted. Since the electrons in the 
K-electron shell have the highest 
probability of being nearest to the 
nucleus, these electrons are usually 
the ones absorbed. Hence, the name 
K-capture, even though an electron in 
the L and M shells may actually be 
involved. For K-capture, the radia- 
tion is always characteristic of the 
element next lowest in atomic number 
(Z —1) to that of the radioactive 
isotope (Z) under consideration. For 
internal-conversion electrons, the radia- 
tions are representative of the excited 
nucleus from which they are emitted. 
These radiations can be typical of the 
element Z — 2 (alpha emission), Z — 1 
(beta plus or K), Z (1.T.), or Z +1 


*In the case of beta rays, the vertical dis- 
tance between the lines is proportional to the 
mazimum energy. 
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(beta minus). By observing this dis- 
tinctive radiation, one can assign the 
conversion electron to the proper ele- 
ment. Isomeric transitions were first 
demonstrated to be definitely present 
by this method. 


General Energy Considerations 

Except for their ultimate fate, the 
reactions of high-energy positive and 
negative electrons can be considered 
identical when they pass through 
matter. This might be surprising be- 
cause the forces acting on them due to 
electric and magnetic fields are oppo- 
sitely directed. Since positive electrons 
are created in or near the nucleus, they 
generally receive energy from the 
repulsive force due to the positive 
charge on the nucleus. In opposition 
to this, the negative electrons created 
under similar circumstances lose energy 
to this electric field. Considered in 
pairs they will have slightly different 
energy distributions. 

The fact that the positron does not 
exist in nature in a stable form gives rise 
to an important reaction which occurs 
with the annihilation of the positron. 
When the positive electron has lost 
most of its velocity by the interaction 
with the surrounding material, it will 
finally combine with a nearby electron. 
This annihilation results in a neutraliza- 
tion of the charge, and a complete 
disappearance of the mass. This is a 
striking example of the equivalence of 
mass and energy, as the mass is con- 
verted into two photons or X-rays. 
These two photons are emitted in oppo- 
site directions and each has an energy 
corresponding to the mass of one of the 
electrons—providing the positron is 
exactly at rest, which is usually almost 
true. In this circumstance, each pho- 
ton has an energy of 0.51 Mev.t If 


t The energy equivalence of a mass m, at 
rest, is given as mc?, in ergs. One atomic mass 
unit is equivalent to 931 Mev, and hence the 
rot mass of the electron is approximately 0.51 
Mev. 
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FIG. 3. The beta-ray spectra of S** and 
Fe*? showing beta rays with all energies 
from some minimum value (probably zero 
for negative beta particles) up to a definite 
maximum. The sulfurisotope spectrum is 
simple, and that of iron multiple, con- 
sisting of two simple spectra of identical 
relative abundance. Both are typical of 
the spectra of other isotopes, but other 
spectra consist of more than one simple 
spectrum 





annihilation takes place when the posi- 
tron still has kinetic energy, the energy 
will be divided and added to the two 
photons, which will have sufficient for- 
ward direction to preserve the mo- 
mentum of the positron. 

Figure 3 is a plot for two isotopes 
(S*5 and Fe’) of the number of beta 
particles within a small energy interval 
against the energy of the particles. 
This would be called a number energy 
plot of the beta-ray spectrum. This 
graph shows that beta particles from 
any one radioactive element are found 
to be emitted with a wide spread of 
energy values. The maximum energy 
of the beta ray is usually the value quoted 
when the beta-ray energy is given in 
tables and references. The average 
energy of the particles emitted by a 
certain isotope is roughly 1 of the 
maximum energy. Better individual 
values have been determined from a 
graphical integration of known experi- 
mental data by Marinelli (1). Fav has 
values from 0.25 to 0.45 of Ewmez 
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Whenever the isotope has two maxi- 
mum energies, as does Fe, the spec- 
trum is a superposition of two simple 
spectra, as shown in Fig. 3. Single 
vertical lines would represent conver- 
sion electron energies, each of which 
would have a discrete energy value as 
compared to the continuous energy dis- 
tribution of the beta particles. 

A difference of minor applied impor- 
tance is concerned with the number of 
beta particles emitted as beta plus and 
beta minus rays with zero energy. In 
Fig. 3 it will be noticed that the curve 
has been drawn to give zero particles at 
zero energy. For beta plus particles 
this would appear physically impossible, 
because any positive particle which 
came out of the nucleus would be given 
repulsion energy by the charge on the 
nucleus. It would therefore be ex- 
pected that the distribution of beta plus 
particles would cross the axis at a finite 
value. The experimental details of this 
end of the spectrum are not at all well 
known, and do not appear important 
to the applied problem at hand. 

When the wavelength of the radiation 
is small compared to the dimensions of 
an atom, the radiation will react sepa- 
rately with the individual particles 
composing the atom (i.e., electrons, 
nucleus). When the wavelength of the 
radiation is comparable with atomic 
dimensions, the radiation will react 
with the total atom. This second type 
of interaction will become increasingly 
important as the energy of the radiation 
decreases, since the wavelength of the 
radiation is inversely proportional to 
the energy of the radiation, 

From the standpoint of collisions, 
when the wavelength of the radiation 
is small, the matter which is being 
penetrated is predominantly empty 
space. The principal mass of an 
atom is found within the nucleus, 
which has a radius of about 10-!* cm. 
The total atom has a radius of about 
10-* em. A high energy electron, a 


May, 1948 - NUCLEONICS 








Slechehinnethanecenenie eee 


a 





gamma ray, or an alpha particle having 
dimensions on the order of 107" to 
10-12 em, will, in general, penetrate and 
pass right through any atom found in 
its path. The nucleus, due to its small 
size and strong localization of charge, 
will be verv difficult to hit. 

However, the volume occupied by the 
atoms is important in this sense: an 
electric field, which binds electrons to 
the nucleus, is present in each atom. 
This electric field will have important 
effects upon the penetrating particles 
scattering and pair production). 

For high-energy radiations, the en- 
ergy with which the electrons in the 
material being penetrated are bound 
to the nucleus can be neglected, except 
for the innermost electrons of heavy 
atoms. The binding energy of the 
electrons will vary from 10 ev to 
10,000 ev. 

Since the most numerous interactions 
will be with electrons rather than nuclei, 
the main result, from the observer's 
standpoint, will be the ionization of the 
matter being penetrated. The pene- 
trating radiations are moving with a 
very high energy through a practically 
empty space made up of weakly bound 
electrons and an occasional nucleus. 
The principal means of energy dissipa- 
tion for these radiations will be by the 
ejection of electrons from the atoms 
through which they pass. The ejected 
secondary electron will frequently have 
sufficient energy to pass through the 
material, removing tertiary electrons 
from other atoms encountered. This 
separation of charges from the atoms 
creates ious. The ionization of the 
material being penetrated is the prin- 
cipal means used for detecting the 
radiations. 


Alpha Particles 
Alpha particles are characterized by 
very dense columnar ionization and a 
rapid attenuation by matter. They 
are stopped by 2 to 8 em of air and by 
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20 to 40 microns (10~¢ em) of tissue or 
equivalent material. They create an 
amount of ionization in air varying 
from 2,000 to 3,000 ion pairs per mm of 
path length as they leave their source, 
to a peak of 6,600, to zero at the end of 
their range. Evidence of high con- 
centration of ionization is shown by the 
scintillations or light flashes created 
when alpha particles impinge upon a 
zine sulfide screen.* 

Alpha rays find useful application as 
localized sources of intense ionization. 
An example is found in industrial plants 
where fire and explosion hazards are 
great. Thealpha-ray sources are placed 
in strategic spots, where the ionization 
they create removes frictional charges 
and prevents electrostatic sparking. 
Alpha rays have also been used as a 
source of energy for luminous paints; 
as a salve for ionization treatment of 
skin disorders; and as an ion source to 
stabilize and hasten the onset of dis- 
charge in gaseous discharge tubes. 

Table 1 (2) lists the main alpha-ray 
lines from the naturally radioactive 
alpha-ray emitters, the energy of the 
emergent particles, and the associated 
half-lives. Since the number of disinte- 
grations is inversely proportional to the 
half-life, fairly large amounts of the 
long-lived materials may be required to 
obtain a certain desired number of alpha 
particles per unit time. 

Figure 4 is a plot, for a certain alpha 
particle, of the ionization per mm of 
path length in air as a function of the 
distance from the end of the path. The 
range is measured from a point on 
the horizontal axis at the right where 
the particles are emitted. 

The experimentally observed ioniza- 
tion curve for a number of alpha par- 
ticles will have a statistical spread in 
ionization. This is represented by the 
~ ® Sulfide screens have been widely used as a 
means of detection of alpha ravs. As each par- 
ticle strikes the screen, its energy is transformed 
by the zine sulfide crystals into energy of 


fluorescent radiation, which is visible on the 
screen as a bright scintillation. 
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TABLE 1 
Natural Alpha Emitters 


Energy 
Isotopic of Emit- 
Classi- ted Alpha 
fication Particle Half-life 


Disinte- 
grating 
Nucleus 





UI 92238 4.56 X 10% y 
UIl 920244 .79 2.7 X108y 
Io gvTh?23° 5 8.3 X10ty 
Ra ssRat26 1590 v 
Rn ao Rn228 3.825 d 
RaA g4P02!8 3.05 m 
RaC g3Bi2!4 19.7 m 
RaC’ s4Po0214 1.5 X 104s 
Po s4P0210 140d 
Th goT h232 1.39 XK 10'%y 
RdTh = go Th? 1.9y 
Thx ssTh?24 3.64 d 
Tn sehn220 54.55 
ThA s4Po02!6 0.145 
g3Bi2!2 60.5 m 
g4Po?!? 3 xX 10775 
o2U 245 7.13 X 108 y 
9:Pa2*! 3.2 X 104 y 
so Ac??? 13.5y 
go Th??? 18.9d 
ssRa?223 5.82 11.4d 
seRn?!9 5.95 3.928 
s4Po?! 51 2.10 X107*s 
s3Bi2!! ».74§ 2.16 m 
s4Po2)! 7.58 5 X10°%s8 
e25m is 2.4 13X10" y 


*0.04 % 
135 % 


31% 
§99.68 % 





dotted curve (Bragg curve) which tails 
off at the end of the path. This tailing 
off is due to the statistical nature of the 
stopping process and is called ‘“‘strag- 
gling.’’ It has been over-emphasized in 
the curve to demonstrate its effect. 
The heavy line, which drops off to zero 
at the origin of the horizontal axis, 
represents a particle having the most 
probable path length or mean range. 
This curve is the most useful, since the 
shape of the straggling will usually 
depend upon the experimental set-up. 
For an ideal experiment, the range 
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distribution should show a svmmetrical, 
normal-law distribution about the mean 
range, with a standard deviation of 
about percent. Thus about a 
third of the alpha rays will have a path 
length in air which differs from the 
mean range by more than one percent. 

The relation between the energy and 
the mean range of the alpha ray for air 
at 15° C and 760 mm pressure is shown 
in Fig. 5. The curve can be repre- 
sented fairly well by 

R = kE'5 

where F is the mean range, k a constant 
of proportionality, and EF the alpha 
particle energy. 

In materials other than air, the range 
L is given to a good approximation 
(+15%) by the Bragg-Kleeman Rule: 


one 


R 
L = 0.0003 — (A 
p 


where A is the atomic weight (mean 
value for mixed materials), and p is the 
density of the material in question. RF 
can be obtained for air from Fig. 5. 

Alpha particle ranges can be meas- 
ured quite precisely. The straggling 
mentioned above occurs principally in 
the first few centimeters of the path 
length, and the form of the ionization 
curve will be independent of the initial 
energy of the particle when viewed from 
the end of the mean range towards the 
source. Due to experimental effects, 
the ideal straggling distribution will be 
smeared out and possibly distorted. 
Such an experimental effect will be 
produced by instrument resoluticn and 
finite source thickness, causing some 
of the particles to lose energy by the 
time they leave the source. However, 
by the use of known alpha-ray sources, 
a straggling parameter can be deter- 
mined (3), and once the calibration has 
been performed, the instrument can be 
used for other particles, such as the 
identification of other alpha activities 
by means of a range determination. 

A satisfactory theory for the slowing 
down of heavy-charged single particles, 
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FIG. 4. Specific ionization in air due to 
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dotted curve is a Bragg curve. The 
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FIG. 5. Alpha-ray energy versus its 
mean range in air 





which is valid for high energies, has 
been developed by Bethe and Bloch (4). 
However, Fig. 4 shows that the theory 
breaks down as the particle energy 
approaches zero. Roughly, it predicts 
that the amount of ionization J for a 
given material per unit path length will 
be given by: 


2 
lak (<) (NZ) 


where k is a known proportionality con- 
stant, z2 the number of charges on the 
particle, V its velocity, N the number 
of atoms per unit volume, and Z the 
mean atomic number. The residual 
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range from the point where J is meas- 
ured (at the velocity V) is given by: 
Rye = k’ M/2*V3(NZ) 
where k’ is also a known constant, and 
M the mass of the particle. Thus, J 
and R,,, can be measured, and, with a 
knowledge of one of the three quantities 
(z, V, or M), the other two can be 
determined. These relations are useful 
in many ways for the investigation of 
fundamental charged particles. 

The large amount of ionization within 
a few centimeters simplifies the meas- 
urement of the relative number of alpha 
particles, for reasonably sized ionization 
chambers will contain most of the 
ionization. The ionization pulses from 
alpha particles are larger than those 
from other types of radioactive radia- 
tions; therefore, they can even be 
counted with high backgrounds of other 
radiations. When it is desired to sup- 
press the alpha particles in a given 
application, very thin absorbers will 
suffice, 

When solid samples are being meas- 
ured, care must be exercised to account 
for the rapid absorption of these par- 
ticles. In ionization measurements, 
this absorption will be even more 
critical than it is when the particles are 
being counted. 

Very occasionally an alpha particle 
will come close enough to a nucleus in an 
absorbing material and will be deflected 
or scattered through large angles. 
Such scattering is consistent with the 
picture of the atom as a heavy charged 
nucleus with light surrounding elec- 
trons. In this manner, Rutherford and 
co-workers first demonstrated the par- 
ticle concept of the atom. Also, the 
even rarer event of the penetration of 
the nucleus was the first observation 
leading to the discovery of nuclear 
disintegration. 


High Energy Electrons 


Single or homogeneous electrons. 
Per unit path length in air an electron 


35 








with high energy will create about 900 
of the amount of ionization created by 
an alpha particle under the same 
circumstances. The attenuation of a 
beam of electrons will thus be less for 
the same amount of material, since the 
loss per unit path length is smaller. 
However, interactions of high-energy 
electrons are much more complex than 
those of alpha particles. This is due to 
the large difference in mass. Thus, the 
alpha particle, being much _ heavier 
than the atomic electrons, will move 
through the material in a fairly straight 
line, whereas the electron will be de- 
flected both by the electron and mag- 
netic fields of the atom. Since the 
high-energy electron is scattered many 
times, its path will not be straight. 
Ionization will result by the same 
mechanism as for alpha particles, but 
additional effects will be important. 
The electron interactions are usually 
divided into two classes: (a) inelastic 
scattering (ionization and X-ray pro- 
duction), (b) elastic scattering (deflec- 


tion by the electron and nuclear fields 


without loss of energy), Ionization, 
however, is the most important inter- 
action for electrons as well as for alpha 
rays. Within the limits of experimental 
measurements, the ionization created 
by high energy electrons and by alpha 
particles can be deseribed by the same 
theory, if relativity effects are taken 
into account. Since the velocity re- 
mains near the velocity of light, the 
electronic ionization per unit path 
length in any one material will be con- 
stant and independent of energy as long 
as the energy remains high. For air 
at 20° C und atmospheric pressure, the 
ionization is fairly accurately described 
by the equation: 
I= 45/B?, 

where / is the ionization per cm of path 
length, and £ is the ratio of the velocity 
of the electron to the velocity of light. 

The number of ions per centimeter of 
path will depend upon the number of 
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FIG. 6. Absorption curves for homoge- 

nous electrons. Curves are only repre- 
sentative 





electrons per cubic em. The velocity 
will still be constant over most of the 
path even though the path varies in 
length according to the rate of energy 
loss or ionization. Then the energy 
lost per small element of path length d) 
is proportional to the number of atoms 
per cubic centimeter multiplied by the 
number of electrons in each atom (Z). 
The number of atoms per cubic em is 
given by the ratio of density (p in grams 
per cubic cm) to atomie weight A 
multiplied by 
Expressed mathematically: 

GE toss (ion) = Const. (pnZ/A)dr 
Z/A is about constant for all elements 
except hydrogen, and changes gradually 
from 0.5 for ordinary materials to 0.4 
forPb. Thus the ionization will depend 
upon the product pdr, and is propor- 
tional to the number of grams per square 
centimeter of material. 

The high velocity electron, being 
light, can be deflected by the electric 
fields associated with the particles of 
the atom, For the electronic seatter- 
ing, the probability of deflection will 
increase about linearly with Z, and for 
nuclear scattering it will increase about 
as Z*. In hydrogen the two effects are 
about equal. In practice the effect of 
the nuclei will predominate; hence when 
we speak of scattered electrons, we 
mean nuclear scattering. 
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The amount of scattering diminishes 
rapidly with increasing energy, but 
cannot be neglected, as its probability 
is reasonably high for the thickness of 
materials generally used. Also, the 
angular deflections are frequently in- 
creased by multiple scattering events. 
Thus, in traversing a given material, 
the path length is 1.5 to 4 times the 
actual straight line distance. The tran- 
sition from single to multiple scattering 
for electrons of approximately 1 Mev 
takes place in usual materials at thick- 
nesses of 0.1 to 1 milligram per sq cm, 
the thickness increasing with decreas- 
ing Z. 

Figure 6 shows the ionization from 
electrons penetrating various materials 
as a function of the thickness. These 
curves are for initially homogeneous 
electrons of 0.4 Mev (5). From 
previous theory one expects this to be 
a straight line, and the variations can 
be attributed to scattering, since it has 
been demonstrated that individual 
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Total absorber (Mg/cm*) 


FIG. 7. Beta-ray absorption curve, 

typical of absorption of the number of 

particles penetrating aluminum when 

counted by an end-window, bell-type 
counter 
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curves can be made convex or concave 
by variations in the experimental 
set-up. 

In addition to the nuclear scattering 
just mentioned, electrons may radiate 
electromagnetic energy or X-rays when 
they are sharply deflected by the 
nucleus. This type of secondary radi- 
ation is known as ‘“ Bremsstrahlung”’ 
and is the source of the continuous 
X-ray spectrum from ordinary X-ray 
tubes. 

Since the interaction involves the 
conversion of kinetic energy into 
electromagnetic photon energy, the 
normal energy conservation present in 
simple mechanical collisions is not 
observed. In cloud chamber pictures, 
ionization following nuclear scattering 
is unaltered after the deflection, hence 
the energy is conserved (the mass of the 
nucleus is great enough so that the 
energy it receives can be disregarded). 
This deflecting collision, where the 
mechanical or kinetic energy is con- 
served, is called ‘‘elastic scattering.” 
In contrast electronic radiation is 
inelastic, and in the cloud chamber the 
ionization is markedly decreased after 
deflection. The photon ionization is 
not seen in these studies. Therefore 
from the cloud chamber picture, it 
would appear that energy was not 
conserved. 

The loss in the electron’s energy due 
to radiation is directly proportional to 
the product of the energy and Z? for the 
absorber. For energies above 1.5 Mev, 
the ratio of the radiation loss to the 
ionization loss is given by: 

AE toss (rad.) kZ?E ZE 

GE toss (ion) Z 820 
For 10 Mev electrons traversing lead, 
the two effects, therefore, are found to 
be equal. The loss of energy for each 
is 1.6 Mev per millimeter of lead. 

In ordinary X-ray tubes (electronic 
energies on the order of 0.15 Mev) the 
conversion is very inefficient, but for 
cosmic rays it is an important factor. 
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Beta particles. Beta particles are 
the most frequently measured particle 
in the widespread tracer application of 
radioactive isotopes. The reasons for 
this are their ease of measurement and 
sensitivity, and their presence or avail- 
ability in many of the elements from 
low to high Z. Also efficiency of par- 
ticle detection approaches 100% per 
particle. 

Figure 7 is typical of the type of 
absorption curve obtained when a flat 
sample is placed in front of a flat 


window, bell-type Geiger counter. It 
is to be noted that the curve is cpm 
(counts per minute) versus absorber 
thickness and not ionization or radi- 
ation intensity. Recent literature is 
sometimes confusing as to how the 
measurements have been made. With 
reasonable accuracy this curve can be 
represented by: 
N/No = e 

where N> is the counting rate without 
absorber, N is the counting rate with 
g grams per sq cm of absorber, and 
pu is the mass absorption coefficient. 

The mass absorption coefficient yu is 
nearly independent of the atomic weight 
of the absorber. It rises only slightly 
with increasing atomic number. This 
is due to the sole dependence of ioniza- 
tion or energy loss upon the grams per 
sq cm of material (to the degree pre- 
viously discussed), to the statistical 
distribution in energy that the different 
beta particles have when emitted, and 
to the increased scattering at low 
energies. The relation between yp and 
the maximum beta-ray energy is given 
roughly (Emaz > 0.5 Mev) by: 

pp = 22/Enez”® 

It is to be emphasized that the shape 
of the absorption curve is dependent 
upon numerous factors, some of which 
have not been completely evaluated. 
Different detectors will not respond in 
the sume way. For example, in a 
Geiger-Miiller counter, the response is 
proportional to the number of particles 
entering the sensitive volume, and is 
independent of particle energy if at 
least one ion is created per particle. 
But in an ionization chamber the 
response is proportional to the average 
ionization per particle. For beta rays, 
this will change with the amount of 
absorption, which will depend upon the 
shape of the number-energy distribu- 
tion. The number-energy distribution 
is only reasonably constant and not well 
known belew 0.05 Mev. 

Much better experimental evidence is 
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available on the maximum range of beta 
Figure 8 is a plot for beta rays 
range versus maximum 
energy (6). Figure 9 is a similar plot 
for homogeneous electrons. A com- 
parison of these two graphs indicates 
that beta particles and homogeneous 


rays. 
of maximum 


electrons have similar maximum ranges. 
(Homogeneous electrons are observed 
to have slightly higher values in the 
linear portion of the curve, but it is to 
be expected that this is due to experi- 
mental differences.) Therefore, to ob- 
tain maximum ranges of low-energy, 
beta-ray spectra, the curve for homo- 
geneous electrons may be used (7). 

Comparative measurements on beta- 
ray activities can be made with facility. 
Precautions must be taken to compare 
the samples under sufficiently identical 
conditions. The parameters 
that must be considered are: geometry, 
absorption between the sample and 
detector (include any window in the 
detector), backscattering of the sample 
holder (8), and self-absorption within 
the sample. The desired experimental 
accuracy will determine the emphasis 
to be placed on each of these variable 
factors. 

Geometry is increasingly important 
as the sample is moved closer to the 
detector. A few millimeters change in 
this distance may well account for 
several percentages of difference in the 
activity detected. Sample uniformity 
must be considered here as well as for 
self absorption. 

Absorption limitations can be roughly 
estimated by the equations and curves 
just presented. The care required will 
increase with lower energy spectra; 
many detectors will not measure the 
activity desired without a fair loss of 
activity. One cm of air at atmospheric 
pressure can be considered equivalent 
to one milligram per sq cm of material. 

Table 2 is given to show the rela- 
tive importance of backscattering (8). 
The absolute activities have been 
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FIG.10. Relative activity for various 

amounts of material in sample assuming 
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FIG. 11. Fractional activity measured 
versus amount of material in sample 














determined by beta and gamma coinci- 
dence methods, and the table is only 
intended to be representative. 

Where it is 
measurements on samples with different 
amounts of material, self-absorption 
corrections can be made (9). By one 
method a large amount of material of 
the type on which the measurements 
are to be made is prepared with a con- 
stant amount of specific activity, 7.e., 
the same amount of activity per gram 
of sample. Then varied amounts of 
the material are measured and a plot 
of the type shown in Fig. 10 is made 
of the data. Without loss of beta rays 
in the sample itself, the activity should 
rise linearly with the initial slope indi- 
cated by the straight line. The ratio 
between the curves gives the fractional 
amount of the sample being measured. 
This is replotted in Fig. 11 to give a 
correction curve for the amount of 
material in the sample. 

A second method gives this informa- 
tion directly. The samples are made 
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TABLE 2 


Beta-ray Counter Efficiencies for Different 
Backing Materials 


Co” yis Cu Na** 
(5.3y) (8.0d) (12.8h) (14.8h) 
(0.31 (0.595 (0.60 (1.38 
Mev) Mev) Mev) 


Backing 
Material 
Paper * 0.10 13 0.12 0.28 
Copper 0.19 0.24 0.37 
Silver 0.22 2: 0.26 0.43 
Lead 0.26 2¢ 0.28 0.47 

* Backing material is paper, with the solution 


containing the material soaked into the filter 
paper; this corresponds to a thick source. 





up containing «a constant amount of 
activity and varying amounts of sample 
carrier material. Thus the plot gives 
the effect of the self absorption directly. 
This method is, of course, limited by the 
amount of material for a given amount 
of activity to start with, which puts 
some question upon the determination 
of activity with zero self-absorption. 
In the former method it is certain that 
the activity should go to zero. How- 
ever, the inaccuracies of working with 
small amounts of material are inherent 
in both methods. 

Both methods should be used, as each 
should give the same curve for Fig. 10, 
and will yield different information 
about the experimental procedure. 
Thus, the first method breaks down 
when the small sample to large sample 
geometry changes, or backscattering 
differences are large, and the assumed 
straight line relation is no longer valid. 
The second method takes these factors 
into account automatically. On the 
other hand, the first tells directly when 


a sample has an infinite thickness and 
the latter will not. 
A first approximation to self-absorp- 
tion is given by the equation: 
1 


f = — (1 — e400) 
B90 

where f is the fraction of the total 
activity in the sample, and gy the sample 
thickness (gm/em?). Refined calcula- 
tions are available in Reid’s paper (9). 

Although the determination of abso- 
lute activities is extremely important 
as a basis for different laboratory com- 
parisons, we will not discuss them here 
It is seen from the discussion that in 
other methods numerous corrections 
will be required in order to make abso- 
lute determinations by particle count- 
ing methods. Comparison should be 
made with other methods before con- 
fidence can be put into the values 
obtained. According to a 
communication, unpublished work of 
this type has been done and the correla- 


private 


tion is excellent. 
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Listed with the name of the paper are 
its author(s) and MDDC (Manhattan 
District Declassification Code) number. 

Requests for further information 
concerning the documents may be di- 
rected to the Atomic Energy Commis- 
Technical Information Division, 
Directed Operations, Oak 
Ridge, The Technical Informa- 
Division will advise requestors 
where the information contained in the 
document has been published or other- 
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Dosage Determination with Radioactive Isotopes —Il 
BIOLOGICAL CONSIDERATIONS AND PRACTICAL APPLICATIONS 


When radioactive isotopes are employed either as tracers or in 
therapy, it is important to be able to determine the radiation 
dosage. This cannot, in general, be measured, but when the half- 
life, radiation energy, and biological uptake and excretion are 
known, it can be calculated. 

The first part of this paper was devoted to the development 
of formulas for dosage rates and total dosages for beta- and 
gamma-ray emitting isotopes, together with some subsidiary 
expressions. Since the basic information regarding radiation 
disintegration schemes and energies is scattered through many 
journals, it has been considered desirable to collect the pertinent 
data. Two extensive tables were presented for beta and gamma 
rays, respectively, giving half-life, radiation, average energy, 
fraction disintegrating per day, and specific dosage data, including 
safe tracer concentration, for some 38 isotopes of more than 30 
elements. 

In the second part, practical applications of the formulas are 
illustrated. The importance of such biological considerations as 
relative tissue concentrations and excretion rates is brought out. 
Particularly considered is the determination of safe tracer doses. 





IN DiscUSSING the applications of the 
beta- and gamma-ray dosage formulas 
developed in Part I+ of this paper, it is 
convenient first to summarize the main 
results. The numerical values of the 
different constants for some 38 isotopes 
are given in Tables 1 and 2in Part I and 
will be used here. 


Beta-ray Emitters 
When a radioisotope emits only beta 
rays, the dose is essentially confined to 
the regions containing the material 
because the range of the beta particles 
in tissue is only a few mm.{ The fotal 


* This paper is based in part on work done 
under contract N6-ORI-99 with the Office of 
Naval Research, 


t Nucteonics 2, No. 4, 56 (1948). 


¢ Many organs in small animals used in 
experiments dealing with isotopes emitting high 
energy beta rays are not small in comparison to 
the range of the beta particles. Proper estimate 
of the + io in these instances is, in general, very 
complicated, and must be left to the future, 


aa 


dose Dg in equivalent roentgens, due to 
the complete disintegration of a radio- 
element biologically stable and present 
in a uniform concentration of C micro- 
curies per gram of tissue, is 
Dg = KsC e.r. per C ped 
per gram of tissue (4) 

where 
Kg = 88EgT e.r. per ped 

per gram of tissue (4a) 
T is the half-life of the isotope in days 
and EB the average energy per disintegra- 
tion of the beta rays in Mev. 


Gamma-ray Emitters 

When an isotope emits gamma rays, 
the dosage problem is more complicated. 
Gamma rays released in a gram of tissue 
produce only a small amount of ioniza- 
tion therein; most of their energy is 
expended elsewhere along their paths. 

The total dose D, due to gamma rays 
emitted by the complete disintegration 
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of a radioelement biologically stable and 
present in a uniform concentration of C 
microcuries per gm of tissue is given by 

D. = K,Cqg roentgens per C ued 
per gram of tissue (16 

vhere 
K, = 1.44tly X 10-3 roentgens 

per ucd at leminair (16a) 
kK, expresses the number of roentgens at 
1 em distance in air due to the complete 
unfiltered point 
1.44 X ¢ is 
I, is the dose 


disintegration of an 
source of one microcurie. 
the average life in hours. 
rate in roentgens per hour at 1 em in air 
from an unfiltered point source of one 
millicurie. The quantity g in equation 
16 is a geometrical factor depending on 
the size and shape of the tissue mass 
under consideration and on the absorp- 
tion of the gamma rays; g can be eal- 
culated for only one point at a time and 
it isa function of the coordinates of this 
point, 

For radon filtered by 0.5 mm Pt, /, 
corresponds to the well-known figure of 
8.4 r per me-hr at 1 cm distance in air, 
and K, = 133 X 8.4 XK 10-3 = 1.1 rper 
ucd of radon at 1 em in air. § 

No general statement can be made 
regarding the relative contributions of 
the beta and gamma rays to the total 
radiation dosage. The relative amounts 
of energy emitted as beta and gamma 
rays are characteristic of but different 
for each isotope. Also the geometrical 
factor g, which is a function of both 
penetration of the gamma radiation and 
size of the organ, is likely to vary 
tremendously with the problem. As an 
illustration, the beta- and gamma-ray 

§ Biophysics Laboratory, Sloan-Kettering 
Institute for Cancer Research, New York. 


Dept. of Radiology, College of Physicians 
and Surgeons, Columbia University, New York. 


© Numerical values for the different gamma- 


ray lines of Ra, RaB and RaC are given by 
R. D. Evans, Nucreontcs 1, No. 2, 39 (1947). 
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doses of Na* for the center of the human 
body will be calculated in a later section. 


Distribution of the Radiation in Tissue 

The physical data presented in Part I 
enable the experimenter to calculate 
the actual dose delivered to a tissue or 
individual whenever the isotope con- 
centration C is known as a function of 
This 
isotope administered, species and meta- 
bolic state of the test animal, mode of 
administration, chemical form in which 
the radioelement is given, etc. 


time. depends on amount of 


Physiological information of this na- 
ture is of great importance; the litera- 
ture shows that a good deal of animal 
work has been done on the relative 
uptake of various isotopes by different 
different 
example, Fig. 5 presents the relative 


tissues at times. As an 
radiation doses delivered in different 
tissues in mice (/) injected intraperi- 
toneally with a single dose of P*? in the 
form of NasHPO, The animals were 
sacrificed at various after the 
administration of the material, and the 
concentration of P*? was determined for 
the various tissues and organs. With 
this information it was possible to 
calculate the dose of radiation received 
by each tissue as a function of time. 
Similar calculations were made for the 
whole body, assuming uniform distribu- 
tion. The ‘theoretical’? whole-animal 
dose** after complete disintegration of 
the isotope, was taken as 100 percent, 
and all other tissue doses referred to this 
value. Thus, at the end of three weeks, 
64 percent of the theoretical complete 
dose had been delivered; but all tissues 


times 


** By ‘“theoretical’’ whole-animal dose is 
meant the dose Dg which would have been ob- 
tained in the animal after complete disintegra- 
tion of the isotope on the assumption of uniform 
concentration in the animal and of total lack of 
biological elimination. 
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FIG. 5. Radiation dosage due to beta- 
ray activity of P*? in different tissues in 
mice as a function of time. Points on 
right margin are actual tissue doses ob- 
tained by extrapolation to infinite time. 
Theoretical whole animal dose equals Ks 
times number of microcuries administered 
divided by total weight of the animal 





tested, except the bone, had already 
received practically all their radiation 
because, by this time, most of the P*? 
had disappeared. The liver, for ex- 
ample, had received about 33 percent of 
the theoretical uniform dose. At that 
time, the bone had received 39 percent; 
but in the bone, the dosage increased tu 
48 percent at the end of 36 days. 

No tissue actually. attained the theo- 
retical dose or would have attained 
it after longer periods of time because 
of biological elimination. From the 
curves, the actual tissue dosage per 
uc of P22 thus administered in a mouse 
of 25 grams can now be calculated. 
The total animal concentration would 
be 0.04 ue per gram and the “theo- 
retical” total animal dose Dg = Kg X 
0.04 = 885 X 0.04 = 35.4e.r. (Kg from 
Table 1). The liver, then, at the end of 
three weeks, would have received 33 
percent of this value or 12 r; similarly 
the bone at 36 days would have had 
0.48 < 35.4 = 17r. 

It is recognized that, with the use of 
P*? in mice, these determinations are 
not as accurate as one would wish 
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because the linear dimensions of most 
organs are smaller than the range of a 
considerable portion of the beta parti- 
cles emitted by P**. Similar informa- 
tion in larger animals would yield more 
reliable figures. Conversely, this type 
of calculation would be fairly accurate 
even in a small animal, if soft beta-ray 
emitters (H*, C14, 8%, etc.) were used. 
When working with humans, it is not 
possible, in general, to study concentra- 
tions throughout the body and their 
variations with time by in vivo meas- 
urements; the extreme concentration 
of iodine in the thyroid is an exception. 
For most isotopes, information must 
be obtained from biopsy and autopsy 
measurements; hence data are meager. 


Differential Absorption Ratio 

To take into account the differences in 
uptake which lead to differences in dose 
for the various tissues, it is convenient 
to express the concentration in terms 
of a “differential absorption ratio” 
(D.A.R.). For any tissue, this is the 
ratio of concentration of an isotope in 
that tissue to the average concentration 
in the body (neglecting excretion). 
Thus, if a particular tissue has a D.A.R. 
of 1, it should receive the same dose of 
radiation as the average of the whole 
body; if it has a D.A.R. of 10, it should 
receive ten times as much radiation 
(vide infra). 

In calculating the safe doses for 
tracers, it is highly desirable to have 
some idea of the range of the D.A.R.’s. 
The safe dose is assumed to be 0.1 r per 
day for the entire body; if a certain 
tissue has a D.A.R. of 10, it may receive 
1 r while the rest of the body receives 
0.1 r. This may lead to undesirable ir- 
adiation of certain tissues or organs 
from a dose believed safe otherwise. 

The procedure outlined above needs 
clarification. In general, single tissues 
and the whole body have different rates 
and modes of elimination, hence the 
tissue D.A.R. will vary with time. The 
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question then arises as to the time at 
which D.A.R.’s have significance in 
determination of tissue dosage. Evi- 
dently the D.A.R. will be too low when 
taken too soon after the isotope ad- 
ministration because the concentrations 
have not yet stabilized. Likewise 
adoption of the D.A.R. after several 
half-lives will have little or no signifi- 
eance because most of the isotope has 
already disintegrated. One useful in- 
dex, whenever the isotope reaches the 
body tissues through the circulatory 
system, could be the stabilization of the 
plasma concentration. Nogeneral rule, 
however, can be given and good judg- 
ment is of paramount importance, since 
it must be realized that exact informa- 
tion on total tissue dose requires knowl- 
edge of the isotope concentration in that 
tissue throughout several half-lives. 


Effective Half-life 


Elimination of a radioisotope from 
a given tissue obviously affects the dose 
delivered since a fraction of atoms 
initially present in the tissue will not 
disintegrate therein. In the case of a 
constant rate of elimination, in so far as 
total dose is concerned, the fundamental 
formulas, 4 and 16, still apply, provided 
that by the half-life is meant the effec- 
tive half-life, 7'.,;: 


6 ee 
~~ ee 


of the isotope in the tissue as affected 
by both disintegration and elimination. 
T = 0.693/A,_ X = physical decay 
constant 
T,, = 0.693/A,, Ay = rate of elimina- 
tion constant 
In instances of extreme concentra- 
tions, as in the case of radioiodine I! 
administered to humans, the effective 
half-life can be obtained directly from 
repeated in vivomeasurements. Within 
24 hours after administration of a dose 
of radioiodine, almost all of it is either 
concentrated in the thyroid gland or 
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FIG. 6. Solid line: physical decay curve 
of I'*! half-life, 8 days. Broken line: 
actual decay curve of I'*! in a hyper- 
thyroid patient; effective half-life, 6.5 days 





eliminated from the body. The ac- 
tivity in the thyroid can be determined 
with a Geiger counter in a fixed position 
over the thyroid gland. If there were no 
excretion of the material from the 
gland, these counts should decrease 
exactly in accordance with the physical 
decay curve for the iodine (Fig. 6, 
heavy line: 7 = 8 days). The actual 
series of counts in a patient treated with 
I's! for hyperthyroidism is shown in 
Fig. 6 (broken line); the effective half- 
life in this case is 6.5 days. It is 
evident that the use of this number 
instead of 8 in equation 4 results in a 
decrease of 20 percent in the adminis- 
tered dose, an amount which is proba- 
bly clinically significant in therapeutic 
work. 

It would now be possible to calculate 
from formula 4 the beta-ray dose 
delivered under normal conditions if the 
initial concentration C were known. 
This can be determined either by actual 
biopsy or ‘‘guessed”’ by estimate of the 
gland weight and measurements of the 
radioactive content of the gland by 
proper in vivo observations. 


Tracer lsotopes—Examples 


In order to illustrate the use of the 
material presented in this paper, dose 
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calculations will be given for two radio- 
isotopes frequently used in tracer 
experiments and in therapy. Further 
examples will be found in the clinical 
part of a paper on this subject by the 
same authors (2). 

Radioactive phosphorus, P*? (beta 
particles only). If the P*? isotope were 
evenly distributed throughout the body 
and no elimination took place, the 
values of Table 1 (Part I) would be 
directly applicable. Thus, if 2.4 we per 
kg of tissue weight gives a dose of 0.1 
e.r., an initial radiation dose of d e.r. per 
day will require a concentration x ue /kg 
such that 2.4:0.1 = x:d; namely, 

24xd 
0.1 
24 x d uc per kg of tissue weight 
If a total radiation dose Dg (e.r.) is to be 
given to a tissue, the concentration in 
that tissue should be such that 
Dg = KsC 


Ds 
C= — ¢ of P*® per 
S85 - 


gram of 


tissue weight 
As discussed earlier, the most ex- 
haustive information on the distribution 
of this isotope in mice (1) shows that 
the highest radiation dose is given to 
bone, followed in order by spleen, liver, 
kidney, muscle and blood. In general, 
the limited information on adult hu- 
mans, obtained for the major part from 
autopsies of leukemic patients (3-8), 
does not contradict the results in mice, 
provided that only non-infiltrated tissue 
obtained from patients given single 
doses of P*? be taken into consideration. 
Limited data on non-irradiated surgical 
material are also available (9). The 
most reliable D.A.R.’s on bone are of 
the order of unity, though wide varia- 
tions are quoted not only among indi- 
viduals but also among portions of the 
same bone (4, 9). The absolute values 
of the D.A.R.’s for human bone—as 
in the case of mice—seem to bear no 
detectable relation to the time elapsed 
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between administration and assay; this 
indicates a slow ‘“‘net”’ elimination o 
P*? from bone. 

The highest D.A.R. reported (6, 9 
on human marrow devoid of leukemii 
infiltration can also be taken as of th 
order of unity for the first few days 
following P*? administration. Data on 
sternal aspiration (6), however, ar 
decidedly lower, being much closer to 
those of blood. ‘The latter, in humans 
receives ‘“‘apparent”’ doses of the order 
of 20 percent of the theoretical whok 
body dose (10). It therefore 
that doses of the order of 2.4 ve per kg 
of body weight can be safely adminis- 
tered, though they may produce wholly 
transitory but definite biological effects 
Such reactions have been reported by 
Low-Beer and Treadwell (71) for con- 
centration of 6-9 we per kg of body 
weight. 

If P*? is adininistered intravenously 
in insoluble form (12) the deposition in 
the liver and spleen is likely to be very 
marked. These authors report 80-89 
percent in the liver (dog and mouse); if 
this were to obtain in humans the 
D.A.R. would be: 


ue in liver/liver weight 


” 


scemns 





D.A.R. = 


uc administered /body weight 


0.89 X 70 
-———— «987 
1.7 


where 1.7 kg is the weight of the average 
human liver (13). In this case, the 
maximum permissible concentration 
would be 2.4 /36.7 = 0.066 uc per kg of 
body weight or a total tracer dose of 
0.066 < 70 = 4.6 ue for a 70 kg man. 

Radioactive sodium, Na’ (beta and 
gamma radiation). This sodium iso- 
tope, administered orally or intra- 
venously, is eliminated in very small 
amounts during times comparable to its 
half-life of 14.7 hours. Since it is 
distributed rather uniformly through- 
out the body (14, 15), computation of 
beta-ray dosage can be made on the 
basis of D.A.R. = 1. The factor Sg of 


May, 1948 - NUCLEONICS 





Table 1 can be applied directly in the 
case of small animals where the beta 
rays account for most of the radiation 
dose, the factor g in the gamma-ray 
formula being very small. For larger 
animals and humans, however, the 
gamma-ray contribution cannot be 
neglected. In this case, dosage calcula- 


tions become more involved. 
As pointed out above, the contribu- 
tion of gamma rays to the daily tissue 


dose is 
d, = K,Cgfa roentgens, 
where K, = roentgens per wed at 1 em 
in air 
concentration in pe per 
gram of tissue weight 
fraction of atoms destroyed 
in one day 
geometrical factor which is 
a function of size and shape 
of tissue volume and pene- 
tration of radiation 
For purposes of calculation, one may 
assume that the human trunk is a 
cylinder of radius R = 20 em and 
height 2Z = 60 cm, and that C is con- 
stant throughout. Then the highest 
dose is delivered at the midpoint of the 
axis and g can be expressed with suffi- 
cient approximation * as 
g; = 314 — 4140p, 
where yu; is the absorption coefficient 
of the gamma rays in tissue. For the 
gamma rays from sodium (see Table 2 
and Fig. 2), the values of u; are 0.0296 
and 0.0233 per cm, respectively. An 
average u; = 0.025 may be assumed for 
the present calculution and hence 
g = 210.5. Substituting for K, and fa 
the values from Table 2, one obtains: 
dy = 0.40 X 0.68 X 210.5 C = 58.0 C 
roentgens per day at the trunk’s center. 
Similarly (Table 1): 
dg = 29 X 0.68 XC 
= 19.7C e.r. per day 
Hence the total dose for the first day 
dgiy = 77.7C 


* Nucieonices 2, No. 4, 63 (1948). 
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Since 68 percent of the atoms dis- 
integrate during the first day, 77.7C is 
68 percent of the total dose Dg,,: 

Dgsy = 100/68 X 77.7 = 114C er. 

For the tolerance dose of 0.1 r for 
the first day 
Sg.y = 0.1/77.7 = 0.0013 ue per gram, 
or 

= 1.3 we per kg of body weight. 

When tracer studies are to be carried 
out once or a few times on an individual, 
for diagnostic purposes, the physician 
may legitimately employ doses con- 
siderably in excess of those giving only 
the radiation permitted for continuous 
exposure. The diagnostic radiologist 
does not hesitate to give local exposures 
of several roentgens, and to repeat 
these at need. In human studies with 
radioactive isotopes, consideration must 
be given to all the factors involved in 
the individual case—the D.A.R.’s, the 
volume and radiosensitivity of the 
tissues receiving the greatest dose, 
the number of times the test is to be 
repeated, the possibility of the patient 
receiving radiation from any other 
source, and any other pertinent data. 
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Pulse generators are often used in 
nuclear experiments (/) to provide 
regularly spaced signals for timing; (2) 
to initiate one or more sequences of 
events having a definite time relation- 
ship to the initial pulse (multiple 
trigger generators); (3) to calibrate 
the gain of pulse amplifiers; (4) to test 
the transient response of amplifiers; (45) 
to form part of coincidence circuits. 
We shall first consider several circuit 
elements used to generate pulses and 
then describe a pulse generator for 
testing and caliprating pulse amplifiers. 

1. Thyratron Circuits. In Fig. 47 
is shown a circuit element, based on the 
2050 thyratron, for generating fast posi- 
tive and negative trigger pulses which 
are of very short duration and of uni- 
form shape. The time constant RC 





Ep1Tor’s NoTE: The first three arti- 
cles in this series included discus- 
sions of the following : use of Laplace 
transformations, response of circuit 
elements to step functions, transient 
response of voltage amplifiers, sig- 
nal-to-noise ratio of counter ampli- 
fiers, design of pulse amplifiers, 
transient analysis of a two-stage 
feedback amplifier, discriminators 
and scaling circuits, counting-rate 
meters, random pulse circuits and 
delay-line pulse shaping. 
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XII. The Generation of Pulses 


determines the rate at which pulses can 
be initiated, that is, C is (almost) 
recharged in a time 3RC following the 
firing of the thyratron. 

The thyratron has a delay in firing 
which is less than 0.1 sec provided the 
grid is considerably over-volted by the 
input trigger. The current through 
the thyratron can rise to full value in 
0.01 psec. 

Sometimes it is convenient to produce 
pulses at a fairly constant rate by using 
a thyratron as a relaxation oscillator. 
For this purpose the circuit element 
shown in Fig. 48 is useful. 

The triode thyratron (884) does not 
have the steep firing characteristic of 
the tetrode (2050) and so makes 
a steadier relaxation oscillator. The 
shape of the output pulse is determined 
by R, and C, and is not influenced by 
the value of C which, with the resistance 
R, determines the repetition frequency 
for given bias voltages. (In both the 
circuits of Figs. 47 and 48 the plate re- 
sistance R must be kept large enough to 
insure that the thyratron extinguishes. ) 

The shape of the output pulse de- 
rived from a thyratron circuit can 
be made nearly rectangular by replacing 
the capacitor whose discharge produces 
the pulse (C,; in Fig. 48) by an open- 
ended delay line. To avoid reflections 
from the input end of the delay line 
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Four methods of generating pulses for nuclear experiments 
and two means of stabilizing power supplies are discussed in 
this final article in a series of four on fast electronic circuits 
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the resistance across which the pulse is 
generated (R, in Fig. 48) should be 
made equal to the characteristic im- 
pedance of the line. This method is 
sometimes used in generating rectan- 
gular pulses for modulating magne- 
trons in radar, and occasionally finds 
use in a laboratory pulse generator. * 

2. The Blocking Oscillator. A block- 
ing oscillator is a convenient element for 
generating fast, narrow pulses, espe- 
cially for fast coincidence circuits. 
It may also be used as a free-running 
relaxation oscillator and as an element 
in frequencing dividing circuits. A 
typical circuit element, arranged for 
external triggering, is shown in Fig. 
49. Both tubes 7-1 and T-2 are 
normally biased off. A fast positive 
trigger applied to the input produces 
a negative pulse at the plates 7-1 and 
T-2 and, by coupling through the 
special blocking-oscillator transformer, 
a positive pulse at the grid of 7-2. 
Tube 7-2 then conducts, and by 
regeneration the grid is temporarily 
driven positive, perhaps +100 v, and 
the tube momentarily draws several 
hundred milliamperes of plate current. 
Negative charge collected by the grid 
resides on the capacitor C and prevents 
(blocks) a second oscillation. Hence a 
positive pulse may be taken from the 


* E. W. Titterton, V. L. Fitch, Rer. Sci. Instr. 
18, 639, 1947. 
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FIG. 47. Method of generating fast 
pulses with a thyratron 
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FIG.48. Thyratron relaxation oscillator 
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FIG. 49. Blocking oscillator arranged 
for external triggering 





resistance in series with the cathode, a 
negative pulse from resistance in the 
plate circuit, or a pulse of either sign, 
(followed by minor oscillations) from a 
third winding of the transformer. 
Ordinarily only one of these methods 
is employed at one time, depending on 
the demands of the circuit to which the 
element is coupled. The time con- 
stant, RC, determines the maximum 
repetition frequency. 

There exist several useful types of 
blocking-oscillator transformers. The 
132 AW can be used to generate ap- 
proximately triangular-shaped pulses 
perhaps 0.3 usec wide at the base and 
the 145 EW perhaps 1 usec wide. 
Other available transformers can be 
used for narrower (0.1 psec), or for 
wider pulses. The grid capacitor C 
should ordinarily be at least 500 uuf 
in order that the oscillation be suffi- 
ciently violent. As low as 200 uyf can 
be used for very narrow pulses. For 


high duty ratios and for narrower pulses, 
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the 6SN7 should be replaced by a tube 
having greater current capabilities and 
power dissipation (triode-connected 
6AC7, 6AG7, 6V6, 6L6, etc.). Pulses 
can be made more nearly rectangular- 
shaped either (1) by putting some 
resistance in series with the grid or (2) 
by replacing C by an unterminated 
delay line. It is usually necessary to 
decouple a blocking oscillator from the 
plate supply to avoid transients on 
the supply lines. A blocking oscillator 
is made free-running by returning the 
resistor R to ground, or better, to 
+300 v. 

The design of circuits incorporating 
blocking oscillators usually proceeds in 
a semi-empirical manner guided by 
previous experience. It is worthwhile 
to become familiar with the behavior of 
blocking oscillators using an oscillo- 
graph having a fast slave sweep 
circuit to examine wave forms occurring 
at various points in the circuit. The 
maximum frequency at which a block- 
ing oscillator can be conveniently run 
is of the order of 1 Me per sec, although 


Univibrotor 


the top limit may be as high as 10 Mc 
per sec. Blocking oscillators are very 
convenient sources of narrow, standard 
pulses for fast coincidence circuits. In 
this application they are triggered by a 
pulse from an amplitude discriminator. 

3. The Univibrator. Long pulses 
with rise times of several microseconds 
are best generated using a circuit element 
termed a univibrator. The sort of cir- 
cuit involved is illustrated in Fig. 50. 
If a negative bias supply is not avail- 
able, a common cathode biasing (which 
is regenerative) can be used for the 
univibrator. Tube 7-1, which is nor- 
mally non-conducting, serves to couple 
a positive trigger to the univibrator. 
Tube 7-3 is normally conducting, with 
grid current being drawn, and with its 
plate at about +80 v. Tube T-2 is 
therefore cut off, with its plate resting 
at +300 v. A positive trigger applied 
to the grid of 7-1 lowers the potential 
of the plates of 7-1 and 7-2 and the 
grid of 7-3 is driven to cut-off by the 
capacitive coupling from the plate of 
T-2. Hence the plate of 7-3 rises 
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FIG. 50. Univibrator with input coupling and cathode-follower output stage 
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nearly to +300 v, bringing 7'-2 into the 
conducting region (7-2 actually draws 
some grid current), and so the new 
regime is preserved until enough charge 
flows through R to discharge C, caus- 
ing 7-3 to conduct again, at which time 
the circuit flips back to its original state. 
A positive pulse (gate) can be taken 
from the plate of 7-3 (as shown) or a 
negative gate from the plate of 7-2. 
The duration of the gate is about 
(RC/3). The shortest practicable gate 
is in the range 3-5 usec. A circuit of 
this type is often used as the basis for a 
trigger delay circuit, 7.e., one can 
obtain fairly narrow trigger pulses by 
differentiating the rectangular gate. 
There are various methods available for 
controlling the duration of the delay, 
indeed, to make the delay depend 
linearly on the setting of a potentio- 
meter. It should be noted that the 
front of the negative gate at the plate 
of T-2 can be made to have a fast rise 
time (0.1 usec) if tube 7-1 is supplied 
a very fast trigger pulse. This be- 
havior is often made use of in applica- 
tions of the circuit element. 

4. The Generation of Step Waves of 
Known Amplitude. For testing and 
calibrating amplifiers used in nuclear 
physics it is convenient to have a pulse 
generator producing pulses of the form 
shown in Fig. 51. The following char- 
acteristics of these pulses should be 
noted: 

1. The rise is several times faster 
than that of customary amplifiers. 

2. The duration of the flat top is 
much longer than the short time con- 
stant in the amplifier used for shaping 
pulses. 

3. The pulses have a gradual decay 
which is necessary to avoid a large out- 
put pulse from the amplifier and is the 
opposite sign from the usual pulse (posi- 
tive). (Such a pulse is produced by 
“differentiation” by the pulse-shaping 
network of the amplifier.) If such a 
pulse were to occur, the amplifier would 
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(- 150) 
FIG. 52. Portion of pulse generator 





be overloaded, since the output stages 
are usually asymmetrically biased. 

The best method of producing a step 
signal appears to be the sudden cutting 
off of a current through a resistor 
whose value, taken in conjunction 
with the stray capacitance shunting it, 
gives a sufficiently short rise time. 
If the voltage across the resistor (before 
the current is cut) is accurately known, 
then a voltage step of known amplitude 
is generated. A method for cutting the 
current suddenly is shown in Fig. 52. 
If a signal of the form shown is applied 
to the grid, a positive pulse of the 
desired form for calibration is produced 
at the plate. The screen of the pentode 
serves to prevent distortion of the pulse 
by capacitively feeding through to the 
plate the fast pulse applied to the grid. 
If the same method is used to produce 
a negative pulse at the cathode, capaci- 
tive feed-through of the grid signal 
usually causes an undesired overshoot 
at the leading edge of the negative out- 
put pulse. Hence, if negative steps are 
required, it is best to generate positive 
steps and to invert them by a wide- 
band amplifier having a negative gain of 
unity (stabilized by feedback). Pulses 
are best generated at a level of 0.1 to 1 _ 
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volt, (by varying R, or by varying the 
current through the pentode) and low- 
level pulses secured by a capacitance- 
compensated resistance attenuator 
located preferably at the end of the 
cable connecting the pulse generator to 
the amplifier input. 

The rate at which pulses are gen- 
erated is best kept low (say 200 cps) 
(1) to insure that all voltages in the 
circuit recover to their normal values 
between successive pulses; (2) to give 
a rate convenient for driving the usual 
scaling circuit; (3) to permit the pulse 
amplitude to be measured (with only a 
small percentage correction) by meas- 
uring the average plate current of the 
pentode. It is desirable, however, to 
have the rate high enough to examine 
the output of the amplifier with a 
cathode-ray oscilloscope without re- 
course to subdued lighting. 

The generation of the pulses supplied 
to the grid of the pentode in Fig. 52 
can be accomplished by the circuit 
arrangement shown in Fig. 53, which is 
part of a pulse generator designed by 
Sands (10, part 3). The thyratron 
relaxation oscillator based on tube 
7-1 runs at about 200 cps and furnishes 
sharp positive trigger pulses through a 


delay line to the grid of 7-2, which is 
normally cut off since its cathode is held 
at about 10 volts above its grid. Each 
delayed pulse at its grid produces a fast 
negative pulse at its plate. This pulse 
is coupled to the capacitor C through a 
diode T-3 which is so biased that the 
first portion of the pulse (which is not 
very fast) is not used. The voltage 
across C thus has the form indicated, 
with a recovery time constant RC = 
100 psec. The diode evidently dis- 
connects the capacitor C from the plate 
of 7-2 once the pulse is formed. A posi- 
tive pulse is coupled from the cathode 
of 7-1 through a cathode follower (not 
shown) to serve as a trigger for the 
sweep of an oscillograph. The output 
signal base line is about 25 v above the 
—150 line in order that the cathode 
resistance Rx in Fig. 53 can be reason- 
ably large. A fairly large value for 
Rx helps to stabilize the steady cur- 
rent through the signal-generating tube 
(by cathode current feedback). 

The amplifier of gain —1 used to 
invert the output pulses can be similar 
to the 3-tube feedback loop described 
in Sec. V. The negative pulses are 
then taken from the plate circuit of the 
third tube of the loop. 
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XIll. Stabilized Power Supplies 


A power supply for plate and bias 
voltages is stabilized (1) to reduce to a 
negligible point fluctuations in d-e volt- 
age resulting from a-c line fluctuations; 
(2) to afford a low source impedance, 
thus minimizing interactions between 
portions of a circuit connected to the 
supply; (3) to reduce ripple voltages. 

1. VR-Tube Stabilized Supplies. 
The simplest sort of stabilized supply, 
useful for low current drains, is one 
based on a glow tube, or voltage regu- 
lator (VR) tube, such as the VR-75, 
VR-90, VR-105 and VR-150. An 
equivalent circuit for such a supply is 
shown in Fig. 54 where £, is the equiv- 
alent source voltage of the transformer- 
rectifier-filter arrangement used, R, is its 
equivalent source impedance and R, is a 
series dropping resistor whose value 
is chosen to make the current through 
the VR tube have a suitable value, 
€.9., 22.5 ma. 

To understand the factors influencing 
the design of such a supply we shall 
first define several quantities and then 
derive formulas for R and £ to take into 
account a prescribed variation in load 
current and in supply-mains voltage. 
Let 
Tmin = smallest load current expected 
Imax = greatest load current expected 


i. = fmin + Toes _ It 


= mean load current 
Al, = I mes = Iain 

= variation in load current 

V = voltage across VR tube 
Since it is permissible to allow a varia- 
tion in current from 5 to 40 ma through 
modern VR tubes, the current through 
the VR tube should be made (5 + 40) /2 
= 22.5 ma for the current J; and for the 
line voltage at its average value. We 
shall allow for a variation of +100 r 
percent in the line voltage, for instance 
of +10 percent (r = 0.10). Evidently 
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the current through the VR tube will 
vary from one limit where the voltage 
E is 100 r percent low and the load 
current is Jmaz to the opposite limit 
where E is 100 r percent high and the 
load current is J min. 

By Ohm’s law, 

E-V 
= 

where E is the source voltage of the 
transformer-rectifier-filter circuit with 
the supply-mains voltage at its middle 
value. In addition, the change in 
current through the VR tube due to 
the two causes just mentioned is 
7. + Al, < 0.040 — 0.005 


= 0225 + 1, (86) 


= 0.035 amp, (87) 
where AE = 2rE for the worst possible 
case. 

On eliminating E between Eqs. (86) 
and (87) and placing r = 0.10, we find 
that 

Vv 
> eet 
~ 0.1525 — 5Al, — Ty, 

For example, suppose the load cur- 
rent can vary from 5 to 25 ma making 
T, = 0.015 amp, and Al; = .020 amp. 
If V = 150 v, then Eq. (88) gives 
R > 4.0K and Eq. (86) indicates that 
E, = 300v. Part of the resistance R is 
furnished by the source impedance of 
the transformer-rectifier-filter arrange- 
ment; the remainder must be furnished 
by the series dropping resistor. If the 
values of R and therefore of E are less 


R (88) 
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FIG. 54. Equivalent circuit of a VR- 
tube stabilized power supply 














FIG. 55. Basic circuit of a power supply 
of the degenerative type 
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those computed, then the VR-tube 
current may fall outside its proper 
range of values under adverse condi- 
tions of load-current and line-voltage 
variations. 

2. Electronically Stabilized Power 
Supplies. Power supplies stabilized 
by one or more VR tubes in series are 
inadequate when large currents are to 
be stabilized, or when it is important to 
achieve a high degree of stabilization. 
In such cases electronic regulation is 
used, with a VR-tube or a battery 
furnishing a steady reference voltage. 
It is found that stabilized supplies of a 
simple degenerative type are the most 
generally satisfactory, and only this 
type will be discussed here. 

The basic circuit of a power supply 
of the degenerative type incorporating 
a series regulating tube is shown in 
Fig. 55. 





=u (1*8G)e, 





Equivalent circuit of stabilized 
supply 


Thesupply-mains voltage £, (115 v 4 
10 v) is converted into a d-c voltage 
E, by the transformer-rectifier-filter 
portion of the circuit, which may take 
the simple form shown in Fig. 56. 
Good filtering is not essential since 
ripple is removed by the stabilizing 
circuit. A fraction B of the output 
voltage is compared with a reference 
voltage £, and the difference amplified 
by a difference amplifier, which is 
direct-coupled to the grid of the series 
triode 7-1. If EH» tends to increase 
above its equilibrium value, a negative 
signal is applied to the grid of 7-1, 
thus tending to restore E to its equilib- 
rium value. To evaluate the perform- 
ance of such a supply it is convenient to 
define the stabilization factor 

S = (Eo/E.)(dE./dE»), 
the internal impedance 

R = —dE/dI = —€o/to 
and the smoothing factor, 

a= dE,/dE, = €0/é1. (91) 
Evidently S is the factor by which line 
voltage variations are reduced, R is 
the effective internal resistance of the 
supply and a is the fraction by which 
ripple is reduced between the input and 
output voltages of the stabilizing cir- 
cuit. Let us now compute approximate 
formulas for these quantities for the 
circuit of Fig. 55. 

An equivalent circuit for the supply is 
indicated in Fig. 57, where R, is the im- 
pedance looking back into the filter, 
rp and yp are the plate resistance and 
amplification factor, respectively, of 
T-1 and (1 + BG@)eo is the signal ap- 
plied between the grid and cathode of 
T-1. The voltages e; and eo represent 
changes in EF; and Eo, respectively. 

Using elementary circuit analysis we 
find that 


(89) 


(90) 


Eo 
“7 uBG 


S (92) 


Ri + 1p 
uBG 
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and 


1 
-— uBG 
where it is assumed that 8G > 1. 
These relations will be used to predict 
the approximate performance of two 
practical circuits which will now be 
described. 

Let us first consider the well-known 
stabilizing circuit employing a pentode 
difference amplifier, Fig. 58. The fol- 
lowing points of design should be 
noted for this circuit. 

1. The plate load resistance R of the 
pentode is returned to +450 (not 
+300), so 7-2 is working well as an 
amplifier when the grid of TJ-1 ap- 
proaches the potential of its cathode. 

2. The screen voltage for TJ-2 is 
secured from the bleeder furnishing cur- 
rent to 7-3. 

3. The capacitor C, (and resistance 
R,) allows ripple to be fed degenera- 
tively to the grid of 7-2 without at- 
tenuation (by a factor 8 = 4). 

4. Current for 7-3 is secured from the 
stabilized side of the circuit. 


(94) 


If we assume the following reason- 
able values, FE; = 550, Ey = 300, Ri = 
800, G = 250, 8B = (for steady 
voltages), 8 = 1 (for ripple voltages), 
bw = 5,r, = 750 (triode-connected 6Y6), 
then 
S = a x5 xX j xX 250 = 230 


R= 750 + 800 = 3.7 ohms 


5 xX ; xX 250 


a= — =8 X 10" 


5 X 1 X 250 

(for ripple) 

The measured performance of a supply 

of this sort is usually found to be some- 

what inferior to the predicted perform- 

ance. The trouble appears to arise 

from the VR tube whose voltage varies 

somewhat as the current through it 

changes (as the result of a current 
change through the pentode). 

A stabilizing circuit giving better 
performance is shown in Fig. 59. 
Tube 7-4 constitutes a difference am- 
plifier which is very stable against 
variations in grid-cathode, effective 
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FIG. 58. Stabilizing circuit with a single pentode amplifier 
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FIG. 59. Stabilizing circuit with a double triode difference amplifier 





contact difference in potential (on ac- 
count of symmetry of voltages and cur- 
rents and on account of the degeneration 
afforded by the large cathode resistor to 
signals occurring equally at both 
grids). It has a gain of about thirty 
from right-hand grid to left-hand 
plate. The left-hand plate is connected 
to the grid of a second triode stage 
(T-2) having a gain of perhaps 50, 
so the overall gain is a little over 
1500, say 1700. On this basis we find 

S = 1550 

R = 0.55 ohms 

a = 1.2 x 10~ (for ripple), 
which represents a sevenfold improve- 
ment over the simpler supply. For 
many applications the improvement in 
performance is not worth the increased 
number of circuit components. 

At high frequencies, or for fast 
signals, the response of a stabilizing 
circuit is poor, so it is necessary to 
shunt the output of the stabilized sup- 
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ply with a capacitance of 4 uf or greater. 
The supply in Fig. 59 usually oscillates 
without this capacitance. 

To increase the current rating of a 
supply, any number of triodes can be 
connected in parallel. It is a wise 
precaution to place a parasitic sup- 
pressor resistance in series with each 
grid and each screen, for instance, 100 
ohms. In addition, it is good practice 
to place a resistor of perhaps 47 ohms in 
series with each cathode, in order to 
insure a reasonably equal division of 
current among the tubes which are in 
parallel. One usually allows a maxi- 
mum of 75 ma for each 6Y6. Where 
more than one 6Y6 is required, the 
newer 6AS7, designed especially for 
stabilizer circuits, is particularly suit- 
able. The 6AS7 requires a greater grid 
swing to cover a wide range of load 
variations so the circuit of Fig. 59 
may have to be modified before a 6AS7 
can be substituted for the 6Y6. 
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KOWARSKI SPEAKS ON FRANCE’S PLACE IN 
INTERNATIONAL PICTURE OF ATOMIC ENERGY DEVELOPMENT 


The following is the text of a talk given 
by Dr. Lew Kowarski, Directeur Tech- 
nique, Commissariat 4 L’ Energie Atom- 
ique, at Brookhaven National Laboratory 
on February 6: 

“The scope of the French atomic 
effort, compared to that of Britain and 
the United States, can be summarized 
in a simple formula: France stands in 
about the same ratio to Britain as 
Britain to the United States. The 
numerical value of this ratio is, roughly, 
of the order of 10, if such criteria 
are considered as the annual budget 
(France: several million dollars; United 
States: several hundreds of millions) or 
the total manpower employed (France: 
hundreds; United States: tens of 
thousands). 

“What results can we hope to achieve 
with this one percent of the American 
effort? It is obvious, to begin with, 
that it would be folly to divert any 
fraction of these limited resources to- 
ward military applications; in fact, no 
such intention has ever been harbored 
and there are on record several author- 
ized declarations that the aims of the 
French atomic effort are exclusively 
peaceful. Our attention is focused on 
that not-too-remote future (perhaps in 
a generation or so) when atomic energy 
will be of considerable economic im- 
portance. When this time comes, 
every country which intends to go on 
playing a not-too-insignificant role on 
the world stage should have their own 
specialists in the atomic field. 

“The time to start the training of 
this national ‘layer’ of atomic scien- 
tists and technicians is now and, as the 
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very first step, the nuclear chain reac- 
tion has to be produced on the national 
soil so as to quit the realm of Sunday 
supplements and to become a concrete 
reality. We are building our first 
reactor, with this aim in view and not as 
a first step toward a French Hanford. 


Center Planned for Pure Research 


“‘Even on this modest scale, our first 
plans proved to be overoptimistic. We 
started with planning on the lines of the 
Argonne heavy-water pile. The choice 
of moderator was suggested by its 
availability from the Norwegian plant; 
besides, : it reduced the necessary 
amount of the other essential ingredient. 
We soon found, however, that we had 
not yet mastered the technique of the 
large scale manufacture of pure metal 
and, on the other hand, that the design 
of our very first reactor should be kept 
as free as possible from technical com- 
plications, especially in regard to the 
heavy-water circuit which calls for 
corrosion-proof pumps and plumbing. 
Accordingly, we decided on a heavy- 
water and oxide uncooled reactor, 
capable of reaching perhaps a few 
kilowatts, instead of a few hundred 
kilowatts, as a steady level of operation. 

“In addition to the reactor, we want 
to encourage pure physics research with 
what we might call modern techniques. 
We are building a ‘bigger-than-usual’ 
cyclotron which in America would be 
called a small conventional one (62 
inches). We want to build a few pieces 
of equipment which would enable us to 
do precision nuclear work—above all 
a modern Van de Graaff and, possibly, 
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a cavity accelerator of a not-too-ambi- 
tious type. We want to create a 
research center around these instru- 
ments, on a scale comparable to Clinton 
or Argonne, but this will take time. 
We decided to build our first reactor in 
a provisional center near Paris which I 
shall describe presently. 


Factors against Rapid Development 

“With one cent to show against 
every American dollar, with one higher- 
class scientist working in a_ field 
belabored by a hundred American 
colleagues, can we hope to rival one 
percent of the American achievement? 
The two situations are not comparable 
on a simple quantitative basis. Let me 
mention first the adverse factors. A 
dollar, even reckoned in devaluated 
francs, cannot buy as much in France, 
in the particular branches of production 
required, as it can buy in this country. 
I have just heard that private industrial 
firms will supply Brookhaven with a 
cyclotron and a Van de Graaff. This 
sort of getting immediately usable 
value for your dollar is utterly un- 
thinkable in France. The state of our 
industry imposes on us the necessity of 
making almost everything in our own 
workshops with our own manpower. 
For example, we have to prepare com- 
pressed uranium oxide for our first 
reactor. Hydrogen furnaces required 
for this preparation cannot be ordered 
from outside industrial firms; we have 
to make them ourselves. We make, of 
course, all our amplifiers, scalers, sur- 
veying instruments, and beta and 
gamma Geiger counters. We make 
most of the measuring instruments 
needed for making our electronic equip- 
ment. If we need pure chemicals, we 
have to purify them ourselves; we have 
to test their purity ourselves; we have 
to work out analytical procedures for 
these tests and build all the specialized 
chemical apparatus ourselves. A con- 
siderable proportion of our manpower 
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thus goes into tasks which, in America, 
would not be part of the project at all. 

“The same limitation does not hold 
for the budget because the enforced 
buying of raw materials instead of 
ready-made products probably enables 
us to get a better return for our dollar. 
Another advantage is a greater degree 
of control of delivery times. It cannot 
be denied, however, that this enforced 
diversity of our technical activities is, 
on the whole, a nuisance and when some 
among you (I hope there will be many) 
come to visit our Chatillon Laboratory 
near Paris and see that this reputedly 
‘atomic research’ center consists mainly 
of workshops making very ordinary 
things, you will no doubt subscribe to 
this judgment. 

“A further difficulty is that our 
people are rather badly paid and have 
a much harder life than youhave. Asa 
result, the working output per man is 
lower. We try to compensate for this 
with enthusiasm, and it is here that we 
begin to find some favorable factors in 
our situation. 


Young Graduates Eager to Participate 

“The publicity value of atomic 
energy should be mentioned first. 
Whether it is the scare thrown by the 
bomb, or some expectation of a new era 
in technology, those on whom we de- 
pend for our budget and allocations, 


give us practically everything the 
country can afford, and those who give 
us their skill and will to succeed give 
them freely. There is a considerable 
enthusiasm among the younger genera- 
tion, especially the young graduates just 
out of the universities and technical 
schools. They want to work on this 
glamorous job and we get the best pick 
of them. Their individual quality is 
quite high, even when their knowledge 
of atomic physics, or of the technique 
of physical research, is insufficient. It 
often is, because the atmosphere in the 
universities and in the other research 
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laboratories is not as lively as in this 
country. Fortunately our young peo- 
ple are eager to learn and we have 
something to teach them. 

‘An amusing consequence of the 
awed enthusiasm with which atomic 
activities are surrounded is our present 
ability to get supplies through channels 
which would be harder to tap under 
more ordinary circumstances. For ex- 
ample we are rather well off, relatively, 
in radio components because we were 
able to make good use of the vast re- 
sources of the Military Surplus Camps. 
We were also lucky with our machine 
tools. A few energetic henchmen were 
dispatched at a suitable moment to 
Germany, or to the same Surplus 
Camps; they used their atomic prestige 
and, as a result, our Chatillon work- 
shops are rather well equipped. The 
postwar confusion can sometimes be 
turned to good account and we try to 
use our intuition. 

“A favorable factor specific to 
France, and rather unique on the 
European continent (Britain, of course, 
has to be excluded), is the presence of a 
few scientists who have participated in 
the Allied atomic development practi- 
cally from its inception. I am one of 
them myself, and there are a few others 
—perhaps less than half a dozen in all— 
who came in at different stages to work 
in France, Britain, and Canada. One 
of them was on the Manhattan project 
itself. Somewhat unwillingly and un- 
wittingly, and to a limited extent, 
France found itself inside the curtain. 
Chatillon has its guards, as you in 
Brookhaven have yours; we are re- 
sponsible for some of the secrets and 
our people are bound by certain, not- 
very-explicit-but-very-binding secrecy 
rules. Time is nearing——-we are not 
there yet—when we shall start to get 
original results and a situation will then 
arise which may require a more explicit 
consideration. As I have already 
stated, the position of France is, in this 
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respect, unique on the European conti- 
nent, with one individual exception— 
and, as far as I know, there is little or 
no atomic development in Denmark. 

“Such is the balance of favorable and 
adverse factors which, so far, enabled 
us to establish a cluster of designing 
offices, workshops and testing labora- 
tories in the disused Fort de Chatillon 
near Paris. (By choosing an actually 
fortified piece of ground we went, as you 
see, one step farther than you!) When I 
saw it last, just over a week ago, the 
first concrete was being poured on the 
site of the reactor. We like to believe 
that the chain-reacting condition will 
be reached sometime in 1948, not before 
Christmas, of course. Its flux, not 
much below that of the first Chicago 
pile or of the British ‘Gleep,’ will enable 
us to make tracers on a significant 
scale. With its two other functions— 
that of a research and training instru- 
ment, and that of a testing ground for 
the materials and equipment which will 
go into bigger and better piles—we feel 
that this first reactor will repay our 
efforts. 


Plans Include Graphite Reactor 


“As a next stage we contemplate the 
building of a graphite reactor, perhaps 
not as ambitious as the one which is 
now being built at Brookhaven, but big 
enough to carry us beyond the purely 
laboratory stage. So far, even with our 
guidance, French industry was able to 
prepare only the sort of graphite 
suitable for use in reflectors—and in the 
reflector of our first reactor, French- 
made graphite will be used. We are 
trying to do better, and at the same 
time we are developing physical testing 
methods similar to those used in your 
atomic laboratories. During the last 
year, using our own equipment and 
people of technical schools, we went as 
far as to measure the diffusion length 
of our commercially supplied graphite. 
From the start we got results as accu- 
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rate, or better, than what we could 
obtain by chemical analytical methods. 
Later on we shall have to put some 
uranium lumps into the graphite struc- 
ture and see for ourselves what happens 
in such a lattice. We are not there yet, 
but we are getting nearer. 

“Other kinds of neutron research, for 
instance, the study of resonance cap- 
ture, will be necessary to enable us to 
proceed with the design of our future 
reactors. We have an extensive pro- 
gram of chemical research planned 
because the preparation of pure graph- 
ite and pure uranium, and even the 
current checking of the purity of heavy 
water, call for analytical techniques 
which, so far, have never been applied 
or studied in France. In fact, it seems 
to be the result of my experience in 
different countries that, when a country 
starts from scratch on an atomic 
project, the worst bottleneck is analyti- 
calchemistry. It is there that qualified 
people, able to apply methods they have 
never used before, are needed almost by 
the score. The situation is quite dif- 
ferent in electronics, for instance, where 
we have no lack of qualified people, at 
least on the scale required for the con- 
struction of a reactor. In mechanical 
and general engineering, highly quali- 
fied specialists are none too plentiful in 
France, but there are enough of them 
for our needs. In countries like 
Sweden and Switzerland, the situation 
is, in this respect, even more favorable. 


Activity in Other European Countries 


“This brings me to the more general 
subject of what is happening in other 


European countries. There are defi- 
nite ideas about atomic projects in 
Sweden, Norway, and Holland and 
somewhat less definite projects in Bel- 
gium and Switzerland. A _ striking 
feature is the tendency to think along 
strictly national lines. For instance, 
Norway thinks of building its own 
heavy-water pile, but since Norwegian 
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population is somewhat smaller than 
one-tenth of the French population, 
this means that we have again to move 
ten decibels down the scale. It is my 
opinion, which I have often expressed 
in the course of my travels, that there 
seems to exist a critical size of the ef- 
fort which a country has to spend in 
order to produce a sustained chain 
reaction. France may just be able to 
supply such an effort, but I doubt 
whether Holland, or Sweden, or Nor- 
way can do it if each of these countries 
is taken separately. A common West- 
ern European effort would very con- 
siderably increase our chance of success, 
but nothing seems to have started yet 
on these lines. 

“Going back to France, I would 
like to mention that our Atomic En- 
ergy Commission is essentially civilian. 
Theoretically it is headed by the Prime 
Minister, but in these busy and shifting 
times, the powers of the Prime Minister 
are, in fact, delegated to the High Com- 
missioner and to the Administrator- 
General. The High Commissioner, 
whose responsibilities can be compared, 
in our parallel and proportionate pic- 
ture, to those of Lilienthal, is Professor 
Joliot, to whose devotion and organizing 
ability we owe, in my opinion, not only 
such partial successes as we can boast 
of, but also the very existence of our 
organization as a live and functioning 
body. The remainder of the Commis- 
sion is composed of distinguished 
French scientists such as Professors 
Irene Joliot-Curie, Pierre Auger and 
Francis Perrin, a Secretary-Ceneral, 
and a military gentleman. There exists 
a liaison with the Navy, the Office of 
Aeronautical Research, and so on. 

“Apart from our main offices in 
Paris and at Fort de Chatillon, work is 
also done at various Paris laboratories 
and much more significant outposts, 
such as the chemical factory at Le 
Bouchet (30 miles out of Paris) where 
uranium compounds are refined on a 
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modest industrial scale, and the Saclay 
site (10 miles out of Paris) on which our 
permanent research center will be 
built. Our total staff is about 500, not 
including the miners employed in the 
extraction of low-grade ores in metro- 
politan France and elsewhere, notably 
in the colony of Madagascar. At 
Chatillon proper, the staff is about 259, 
including all necessary help such as 
cleaners and drivers; out of this number 
about 50 or so are graduates, mostly in 
chemistry and electronics.” 


(A lively discussion followed; excerpts 
from Dr. Kowarski’s statements at that 
time follow). 


Exchange of Information with East- 
ern Europe: “Eastern European scien- 
tists have an easy access to all published 
material, but there are no visits or 
interchange of people, and when 
Eastern scientists come to see people in 
Western Europe, they never ask ques- 
possibly because this might 
reveal the degree of their knowledge or 
The reality of the iron cur- 
tain, in this one field of human activity 
about which I feel myself entitled to 
judge, cannot be denied and it is a 
highly dense variety of iron indeed. It 
is significant that, when Joliot attended 
the Russian Academy celebrations in 
1945, several months before Hiroshima, 
he could not even visit the Radium 
Institute of Leningrad.” 

Atom’c Research in Western Europe: 
‘‘The British establishment at Harwell 
is of size comparable to Argonne or 
Brookhaven. Its director, Sir John 
Cockcroft, was the head of the Canadian 
project during its decisive years. The 
‘Gleep’ which has been working since 
August 15, 1947, is, as far as we know, 
the first reactor built outside the 
Western Hemisphere. There is also a 
production plant somewhere in North- 
ern England; not being in the Sacred 
Trust I know nothing about it. The 
British have plenty of high-quality 
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scientists; they are very much alive and, 
considering the rather extreme economic 
plight of their country, they are doing 
pretty well. 

“The Swedes seem to have developed 
a little curtain of theirown. They have 
high hopes based on their highky de- 
veloped mechanical industry, as the 
evidence General Groves gave in the 
U. S. Senate a few years ago will 
corroborate. 

“The Norwegians have the enormous 
asset of their heavy-water production, 
and once you have enough heavy water 
it is difficult not to make a reactor. 
That is why we have so eagerly em- 
braced the heavy-water technique and, 
incidentally, secured what is probably 
nearly the whole Norwegian output for 
about two years. 

“The Dutch have a fine physical re- 
search center, headed by Dr. Casimir, 
at the Philips plant in Eindhoven. In 
some items, such as the commercialized 
high-voltage (about 1 Mev) generator 
of the Cockcroft-Walton type, they are 
ahead of everybody else. They are 
now developing a pressurized Cock- 
croft-Walton, possibly for several Mev, 
which is an entirely new departure. 
The frequency-modulated cyclotron 
which the Amsterdam physicists are 
now assembling in collaboration with 
Philips, while not as large as the one at 
Berkeley, will probably provide valua- 
ble opportunities for fundamental phys- 
ical research. Later on, they may have 
to convert it to the classical mode of 
operation and use it for making tracers. 
I do not think that the Dutch have any 
immediate plans for pile development. 

“The Belgians have, or ought to have, 
some uranium and that is probably 
their main asset. 

“The Swiss have many highly quali- 
fied physicists, both experimental and 
theoretical. Their mechanical indus- 
try is, in some respects, ahead of this 
country but, again, they are a small 
nation and, if they stay by themselves, _ 
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I do not think they will get very far. I 
have no knowledge of any reactor for 
Switzerland. 

“It can be said then, that as far as 

pile-building goes, there are very defi- 
nite results in Britain, a few hopeful 
people in France and a few even more 
desperately hopeful people in Sweden. 
This just about sums up the situation in 
Western Europe.” 
Public Opinion on the Atomic Question 
in France: “‘The state of public opinion 
has a very definite bearing on our 
chances of success because the attitude 
of the nation as a whole conditions the 
whole attitude of that lively and en- 
thusiastic section of the French youth 
from which we draw most of our staff. 
We cannot get anywhere without a 
nucleus of highly qualified, devoted, 
and generous workers. In the present 
difficult conditions, one has to be very 
unselfish, a kind of a sucker, in order to 
get enthusiastically absorbed in long- 
range work that is not immediately 
profitable. Fortunately, suckers of this 
sort are born every minute in France 
and there is a realization that atomic 
development is a very important task. 

“We have to give the taxpayer the 
impression that he gels something for 
his money; this is being done through 
the usual channels, mainly lecture and 
press. At first the French press was 
somewhat apathetic, or perhaps they 
assumed wrongly that they were dealing 
with a delicate subject about which the 
least said, soonest mended. Gradually 
they started asking for interviews and 
publishing them, although at first it was 
very difficult to restrain them from 
stating, as a sort of monotonously 
fresh novelty, that Professor This or 
That knows how to make an atomic 
bomb. A statement of this kind, 
ascribed to Joliot, created some stir a 
year ago in this country; what Joliot 
substantially said was that one had to 
have two or more subcritical fragments 
and had to bring them together so as to 
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achieve a supercritical total mass. A 
periodical published in the United 
States printed this revelation in heavy 
black type and for weeks wires were 
buzzing. In July, 1947, Joliot held a 
press conference and after that things 
straightened out. Since then French 
papers have from time to time pub- 
lished pictures of Chatillon—the big 
block of graphite used in diffusion 
experiments being taken apart or put 
together, an assistant, preferably a girl, 
handling a scaler, and that sort of 
thing. On the whole the French 
people do realize that something is hap- 
pening. As for appropriations they are 
decided as a part of the budget of the 
Prime Minister’s department and the 
Parliament usually approves them in a 
deferential hurry. So far we have had 
little difficulty with this aspect, but 
times might change. 

“Reactions from the neighboring 
populations form an interesting chapter 
in the story of our public relations. 
When the Saclay site began to be en- 
visaged, the Government had _ to 
appropriate the land, and immediately 
there was a rabid opposition. It was 
pointed out that it was unwise to erect 
a choice military target only eight 
miles away from the historical buildings 
of Versailles. Our firm reply was that 
nothing of military importance was 
contemplated or was likely ever to be 
contemplated at Saclay. The British, 
with similar intentions, did not hesitate 
to build the Harwell establishment at a 
comparable distance from Oxford and, 
after all, Oxford is not devoid of his- 
torical interest either. Then Joliot 
addressed a mass meeting of the neigh- 
boring farmers and somehow managed 
to convince them; there were no local 
petitions after that. At Chatillon 
there was no land appropriation to be 
pushed through; we just moved into 
territory already held by the Govern- 
ment and accordingly there was no 
definite opposition. From time to time 
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we have to deal with informal inquiries 
as to whether the reactor is a source of 
great danger to the vicinity and so far 
we have been able to allay all such 
unreasonable apprehensions. 

“We feel that our refusal to envisage 
military applications would probably 
meet with the approval of the majority 
of the French people. Even if such 





applications were immediately feasible 
(which they certainly are not for a cer- 
tain time to come), the people would 
say that they do not want to be a target 
and that France should be left out of the 
atomic race. This sort of passive 
isolationism is easy to understand if one 
has seen what these people have been 
through these past years.” 





EUROPEAN SCIENTISTS COOPERATING WITH EDITORIAL BOARD 


In recognition of the combined wealth of scientific achievement which their individual 
accomplishments represent, N UCLEONICS is proud to present brief sketches of the six 
distinguished European leaders of nuclear research who have this month joined in co- 


operation with its Editorial Board: 


Eduardo Amaldi 
(Italy) 

Dr. Amaldi, born in 1908, obtained 
his doctorate in physics at the Univer- 
sity of Rome, the same university at 
which he now has a professorship. His 
extensive contributions to our present 
knowledge of nuclear forces were 
founded in his early activities in experi- 
mental spectroscopy. 

Working with E. Fermi until 1938, 
he played an outstanding part in the 
studies which led to the discovery of slow 
neutrons. During the German occupa- 
tion, he cooperated actively with the 
Italian Committee of National Libera- 
tion. His work, which he continued 
at the same time, was then devoted to 
determining the interaction between 
protons and neutrons and the scattering 
of medium velocity neutrons by light 
nucleii. He has lectured extensively in 
this country. 


Cornelis Jan Bakker 
(The Netherlands) 


Dr. Bakker, editor of the Nether- 
lands Review of Physics, was born in 
Amsterdam in 1904. He received his 
doctorate ‘cum laude” in mathematics 
and physics from Amsterdam Univer- 
sity and in 1931 completed his now 
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well-known thesis on “The Zeeman 
Effect in the Noble Gas Spectra.” 
After some time in London working 
under Fowler, he returned to the Neth- 
erlands for research with Zeeman whose 
famous experiments and scientific in- 
heritance went into establishment of 
the Zeeman Laboratory in Amsterdam, 
now under Dr. Bakker’s supervision. 
From 1933 to 1945, he engaged in 
significant electronics and nucleonics 
development work at the Philips In- 
candescent Lamp Works in Eindhoven, 
and in 1946 became Professor of Experi- 
mental Physics at Amsterdam Univer- 
sity. Subsequently he accepted the 
appointment as managing director of 
the Instituut voor Kernphysisch Onder- 
zoek (Institute for Nuclear Physics 
Research) and, as such, supervises the 
work of the Philips cyclotron there. 


John Douglas Cockcroft 
(Great Britain) 

Dr. Cockcroft, knighted in 1948 for 
his many accomplishments in nuclear 
science, was born in 1897 and attended 
the University of Manchester and St. 
John’s College. He holds four uca- 
demic degrees, including two doctorates 
from British and Canadian universities. 

He went to Cambridge after having 
worked as an engineer with Metropoli- 
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tan-Vickers, thus starting his university 
training later than most students. At 
the Cavendish Laboratory, he con- 
ducted research under Rutherford and, 
in 1932, with Walton, became the first 
to accomplish nuclear disintegration 
by artificial means. A member of the 
British team working on the atom bomb 
project, he spent much time during the 
war in Canada. 

Sir John Cockcroft is the Jacksonian 
Professor of Natural Philosophy at 
the University of Cambridge, Fellow of 
St. John’s College, and Director of 
the British Atomic Energy Research 
Establishment at Harwell. 


George Hevesy 
(Denmark and Sweden) 

Dr. Hevesy, one of the world’s pio- 
neers in nuclear research, was born 
in Hungary in 1885. His investiza- 
tions, which have embraced the physical, 
chemical, and biological fields, brought 
him the Nobel Prize in Chemistry in 
1943. 

In Switzerland he assisted Haber and 
Rossignol with the synthesis of am- 
monium, and in England he began his 
study of radioactive matter and partic- 
ipated with Rutherford and Moseley in 
research on rare earths. With Coster, 
he is credited with discovering and 
isolating the element hafnium. 

A check into the separation of the 
isotopes of radium D and lead decided 
his career. With Paneth in 1913, he 
made the first application of isotopic 
tracers. In 1934, he prepared radio- 
phosphorus and used it for the first 
time in biological research. Since 
then, he has used this radioelement 
brilliantly to probe the absorption, 
circulation, and elimination functions 
of both plants and animals. 

Dr. Hevesy is presently conduct- 
ing research with isotopes at the Insti- 
tute of Theoretical Physics in Copen- 
hagen, Denmark, and also at Stockholm, 
Sweden. 
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Frederic Joliot-Curie 
(France) 


Dr. Joliot-Curie, born in Paris in 
1900, received an engineering degree 
from the Ecole de Physique et Chimie 
in 1923. After a short career in indus- 
try, he began his study of the properties 
of radioelements at the Institut du 
Radium and, in 1930, received his 
Docteur-és-science. 

A former associate of Marie Curie, 
Dr. Joliot-Curie is married to her 
daughter, Irene. Their marriage has 
also been a scientific partnership in 
chemistry, for together they won the 
Nobel Prize in 1935 for their research 
in artificial radioactivity. 

In addition to a professorship at the 
Collége de France which he accepted 
in 1937, Dr. Joliot-Curie has held many 
distinguished scientific posts. 

He was mobilizod as a captain in the 
artillery during the war and given 
supervision of all French work in 
atomic research. Before Paris fell, he 
was influential in securing on loan all of 
Norway’s stock of heavy water, previ- 
ously kept from the Germans. A 
leader in the resistance movement dur- 
ing German occupation, Dr. Joliot- 
Curie made safety of the precious 
heavy water certain by sending it to 
England with two of his assistants. 

Since the liberation of Paris he has 
been named Director of the Centre 
National de la Recherche Scientifique 
and High Commissioner of the French 
Atomic Energy Commission. 


Paul Scherrer 
(Switzerland) 


Dr. Scherrer, President of the Swiss 
Atomic Energy Commission, was born 
in St. Gallen, Switzerland, in 1890. He 
began his work in physics at the Eidg. 


Technischen Hochschule (E.T.H.) in 
Zurich and pursued his studies at the 
Universities of Koenigsberg and Gét- 
tingeninGermany. In 1916he received 
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his Ph.D. for the study of dispersion of 
optical rotation of hydrogen. . 

His early work, a method for deter- 
mining crystal structure by X-rays, 
using crystalline powders instead of 
large crystals (Debye-Scherrer method), 
had a great impact on the development 
of our knowledge of matter. Among 
his numerous investigations that fol- 
lowed were those on magnetic and piezo- 
electric propertics of matter and the 
specific heat of crystals. His work also 
includes research on cosmic rays carried 
out at the Jungfraujoch Scientific 
Station in Switzerland, which he helped 
to organize. 

A brilliant lecturer, Dr. Scherrer has 
been Professor of Physics and Director 
of the Physics Institute at the E.T.H. 
since 1920. 





CONCRETE BUILDING CONSTRUCTED 
FOR 2,000,000-VOLT X-RAY UNIT 


A building, specially designed to 
house the two million volt X-ray 
machine recently installed by the Bab- 
cock and Wilcox Company to examine 
the welds in high-pressure, high-tem- 
perature boiler drums manufactured at 
the Barberton (Ohio) Works, has been 
completed. 

The 70 by 30 foot building in which 
the machine is housed was designed to 
provide complete protection against 
X-rays and at the same time to give 
full freedom of movement in examining 
pressure vessels up to 13 feet in diam- 
eter and 70 feet in length. 

The walls are of concrete with a 
maximum thickness of 40 inches, de- 
creasing to 9 inch thickness toward the 
top of the 32 foot room. Access to the 
control room, which is an extension on 
one side of the building, is through a 
concrete maze with walls 40 in. thick. 

With the new machine, which has 
been in operation for several months, 
production of large pressure vessels is 
said to have been speeded up con- 
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siderably because of the much shorter 
exposure time now required in X-raying 
pressure vessels 44 to 64 inches thick. 


FAIRCHILD NEPA PROJECT 
HOLDS SEMINAR AT OAK RIDGE 


A classified seminar in nuclear physics 
was conducted by the NEPA (Nuclear 
Energy for Propulsion of Aircraft) di- 
vision of Fairchild Engine and Airplane 
Corporation at Oak Ridge last month. 
A group of about 100 prominent nu- 
clear physicists, engineers, and experts 
from the aircraft industry, educational 
institutions, and the armed services 
met to discuss advanced problems in 
the long-range program of research on 
the application of nuclear energy to the 
propulsion of aircraft. 

Lecturers at the seminar included: 
A. C. G. Mitchell, Indiana University; 
Martin Deutsch, MIT; Morris Kolod- 
ney, City College of New York; 
Alexander Hollaender, Oak Ridge Na- 
tional Laboratory; John W. Irvine, Jr., 
MIT; Bernard Feld, MIT; Clark 
Goodman, MIT; and Harry Soodak, 
MIT. In addition, members of the 
NEPA staff delivered lectures. 


EFFECT OF RADIOACTIVITY 
ON PLANTS TO BE STUDIED 


A study of the influence of radioac- 
tive materials on growth of crop plants 
is being undertaken jointly by the 
Atomic Energy Commission and De- 
partment of Agriculture. The research 
will be financed by a grant from AEC to 
the Bureau of Plant Industry, Soils, 
and Agricultural Engineering. It will 
be conducted by a number of agricul- 
tural experiment stations cooperating 
with the bureau. Radioactive mate- 
rials will be used in both greenhouse and 
field experiments on a variety of crops 
grown on different soil types. 

Part of the special materials required 
will be provided by the AEC. 

Three-fold objective of the research 
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is: (1) to measure the effect of additions 
of radioactive materials to soil and 
fertilizer on the growth, maturity, 
yield, and composition of various 
representative crops; (2) to determine 
the influence of low activities of alpha, 
beta, and gamma radiation on the 
germination of seed and the growth and 
vigor of seedlings; and (3) to ascertain 
the influence of the radioactive mate- 
rials on the numbér and activity of the 
bacteria and other soil micro-organisms. 

Many experiments have been con- 
ducted in Europe and America to study 
the result of radioactivity on plant 
growth. The results have been con- 
flicting and inconclusive, showing ap- 
parently beneficial effects in some cases, 
no influence whatever in others, and 
apparently harmful effects in still 
others. Reports of exceptionally good 
crops near Nagasaki have stimulated 
interest in the problem. Investiga- 
tions by qualified American and Japa- 
nese scientists, however, fail to reveal 
any basis for the claim that radiation 
from the atomic bomb helped the crops. 


BERKELEY GROUP ANNOUNCES 
RESULTS ON PHOTOSYNTHESIS 

A group of University of California 
scientists, working on a project for the 
AEC, have announced new results of 
their investigations into the problem 
of photosynthesis. They reportedly 
have obtained for the first time a com- 
plete picture of all the intermediate 
compounds which are formed when 
plants, using chlorophyll and sunlight, 
break down carbon dioxide and water to 
form sugars, starches, carbohydrates 
and other energy compounds. 

The new intermediate products are 
phosphoglyceric acid, which is the next 
to the last stop on the way to sugars; 
and triose phosphate, the last inter- 
mediate in the process before a true 
sugar is formed. ‘Triose phosphate is 
itself a simple kind of sugar. 

This research, done by Melvin Calvin 
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and Andrew Benson of the Radiation 
Laboratory at Berkeley, was reported by 
Dr. Calvin at a recent meeting in 
Cleveland. 


ONR-REPORTED RESEARCH 

The followitg information on recent 
research was reported by the Office of 
Naval Research: 

New High-intensity, Gamma-ray 
Source. Kolstad, Schultz, and Mont- 
gomery at Yale University are now 
developing a microwave resonant cavity 
operating on 50 megacycles which is 
expected to serve as a new type of high- 
intensity, gamma-ray source. Thecav- 
ity is of the coaxial re-entrant type. 
Protons from a high-current ion source, 
located within the inner conductor, are 
to be accelerated across a 1-inch gap by 
radiofrequency voltages of about 1.5 
Mev. Upon striking a lithium coating 
on the opposite wall, the protons yield 
17 Mev gamma rays through the 
Li(p,y) reaction. This instrument was 
described at the recent New York 
meeting of the American Physical 
Society. The belief has been ex- 
pressed that a gamma yield of about 
108 or 10® photons per second could be 
obtained. [This work is not ONR-sup- 
ported. The electron microwave ac- 
celerator at Yale is on an ONR contract.} 

G-M Counter Design for Short De- 
lays. Mandeville and Sherb at the 
Bartol Research Foundation have re- 
cently reported [Phys. Rev. 73, 90 
(1948)] measurements on the delay 
times in a small beta counter of their 
design. They passed beta particles 
through two counters side by side and 
recorded the coincident counts with a 
fast circuit. No loss in the coincidence 
rate was found as the resolving time of 
the circuit was decreased to 0.08 micro- 
seconds. Since that report, the circuit 
has been improved and the resolving 
time dropped to 0.035 microseconds, 
still without change in the coinci- 
dence counting rate. This indicates 
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that for these counters the delay 
times are a small fraction of a tenth of 
a microsecond. 

The counters had a sensitive volume 
of 5cminlength and 1.5 cm in diameter. 
They were filled to a pressure of 7 cm 
Hg with an argon-ether mixture whose 
ratio of partial pressures was 17:3. 

Electro-disintegration of Nuclei. 
Laughlin, Skaggs, Hanson and Orlin 
of the University of Illinois reported at 
a recent meeting of the American 
Physical Society on a relatively new 
type of nuclear reaction. Very rarely 
in the past has anyone caused disinte- 
grations by electron bombardment of 
nuclei. The cross section for such 
reactions is expected to be very small. 
The Illinois group has now succeeded 
in bringing the electron beam out of 
the doughnut of their 22-Mev betatron 
so that it may be used for bombarding 
various targets. The current is about 
10-8 amperes. This new intense beam 
has permitted the detection of the rare 
reaction (e;n,e’) by which a neutron is 
ejected from either a copper or a silver 
target. 

In such a reaction, the high-speed 
electron passes so close to the target 
nucleus and so fast as to cause excita- 
tion due to the electromagnetic field of 
the moving electron. The electron is 
thus not captured but merely proceeds 
onward with reduced energy. The 
cross sections measured so far have 
been in the neighborhood of 10-*8 cm?, 
or about 400 times smaller thansthe 
gamma-disintegration cross sections for 
the same nuclei. 


BUREAU OF STANDARDS ISSUES 
TABLES OF BESSEL FUNCTIONS 


Of interest to nuclear technologists, 
as well as other design engineers and 
physicists, is the recent publication of 
extensive tables of the Bessel functions 
Yo(xr), Yilx), Ko(x), and K,(z) in the 
region between 0 and 1. These tables 
(Applied Mathematics Series 1), pre- 
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pared by the National Bureau of 
Standards, are now available as a 
71-page booklet, constituting the first 
in the new Applied Mathematics Series, 
which will include mathematical tables, 
manuals, and studies by the National 
Applied Mathematics Laboratories of 
the bureau. They may be obtained 
only from the Superintendent of Docu- 
ments, Government Printing Office, 
Washington 25, D. C., at 35 cents each. 


RAILROAD FEDERATION JOINS 
U. OF CHICAGO ATOMIC GROUP 

First action by the railroad industry 
to explore the possibilities of atomic 
energy has been taken by the Federa- 
tion for Railway Progress, a non-profit 
organization, in conjunction with the 
atomic research program of the Uni- 
versity of Chicago, according to an 
announcement by W. C. MacMillen, 
president of the federation. 

The federation becomes another 
member of the program established by 
the University of Chicago. Already 
set up by the university are the Insti- 
tute for Nuclear Studies, the Institute 
of Metals and the Institute of Radio- 
biology and Biophysics. 


AUSTRALIAN BIBLIOGRAPHY 
ON TRACER ELEMENTS AVAILABLE 


Three bibliographies on medical uses 
of radioisotopes have been prepared by 
T. H. Oddie, of the X-ray and Radium 
Laboratory, Council for Scientific and 
Industrial Research, Melbourne, Aus- 
tralia, and are being distributed by the 
C.S.I.R. Information Service, St. Kilda 
Road, Melbourne. 

Bibliographies available are: 

Use of Radioisotopes for Blood Dis- 
orders—Tracer Elements, No. 2; Ap- 
plications of Radioisotopes to the 
Thyroid Gland—Tracer Elements, No. 
3; and Applications of Radioelements 
in General Biology, Bacteriology and 
Parasitology—Tracer Elements, No. 4. 
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ABSTRACTS 











CHEMICAL PUBLICATIONS 


Penetration of aluminum by the radio- 
elements 17-hour zirconium, 77-hour 
tellurium, and 67-hour molybdenum 
ejected during uranium fission, F’. Suzor 
(Coll. de France, Paris), J. phys. 
radium 8, 39-44 (1947). Aluminum 
foil was placed in layers above a copper 
support containing an electrolytically de- 
posited layer of uranium. The latter was 
irradiated with slow neutrons, and the 
foils were analyzed for fission fragments. 
The minimum and maximum penetra- 
tions of the fragments in aluminum are 
given. 


Preliminary experiments for the study 
of the nuclear reaction by using photo- 
graphic plates. I. Homogeneity of the 
range of deuteron beams produced by 
the cyclotron, R. Sagane, N. Yama- 
moto, Y. Imai, Bull. Inst. Phys. Chem. 
Research (Tokyo) 22, 701-706 (1943). 
A study of the effect on the homogeneity 
of the deuteron beam from a small cy- 
clotron of different operating conditions. 


The diffusion distance in water for 
thermal neutrons, A. Berthelot, R. 
Cohen, H. Rul, Compt. rend. 226, 403- 
408 (1947). The diffusion distance in 
water was found to be 2.77 + 0.04 cm 
with CdSO, solution as adsorbant and 
2.88 + 0.07 with Pyrex containing BO; 
as adsorbent. 


Activation of inert gases by neutrons, 
W. Riezler (Physik Inst., Bonn), 
Naturwissenschaften 33, 53-54 (1946). 
Pure Kr and Xe were irradiated with 
thermal and fast neutrons, and the ac- 
tivity of the products was measured. 


me | excitation of lutecium, J. Dun- 
worth, B. Pontecorvo (Natl. Research 
Council, Montreal), Proc. Cambridge 
Phil. Soc. 48, 429-432 (1947). The 
X-ray excitation of Lu leads to a B-ac- 
tivity of 3.4 + 0.1 hr corresponding to a 
half-life absorption thickness in Al of 
70 mg sq cm. 


Separation and enrichment of artificial 
radioactive sodium isotope ;,Na?', U. 
Drehmann (Forsch. Anstalt Reichs- 
post, Berlin). Naturwissenschaften 33, 
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24 (1946). Of the Rd-Na formed by ir- 
radiating MgO with neutrons, 90% can 
be removed by boiling with water. 


Recovery of radioactive strontium in 
unweighable quantity, L. Gerhardt 
(Kaiser Wilhelm Inst. Chem., Berlin), 
Naturwissenschaften 38, 24-25 (1946). 
A detailed procedure is given for the 
preparation of small quantities of the 
55-day Sr isotope. 


The separation of barium from radium 
by radiometric adsorption analysis, R. 
Lindner (Kaiser Wilhelm Inst. Chem., 
Berlin), Naturwissenschaften 33, 119- 
121 (1946). The chromatographic 
method combined with radiometric anal- 
ysis can be used to separate Ra and Ba. 
Al.O; was used as the adsorbent. 


The formation of isotope 85*!* B. 
Karlik, T. Bernert (Inst. Radium- 
forschung Akad., Wien, Austria), Na- 
turwissenschaften 338, 23 (1946). If 
857!5 is formed by a-disintegration of 
87222, then the latter should be detectable; 
it could not be found, however. 


Separation of protoactinium from its 
entrainers: titanium, zirconium, and 
tantalum, M. Bachelet, G. Bouissiéres 
(Inst. Radium, Paris), Bull. soc. chim. 
France 1947, 281-283. The important 


methods of separation are described. 


Coinciience device of 10-*-10-° sec 
resolving power, Z. Bay, G. Papp 
(Inst. Atomic Physics, Budapest), 
Nature 161, 59-60 (1948). Electron 
multiplier tubes have been used in coin- 
cidence circuits having resolving powers 
as high as 5 X 107° sec. The resolving 
times were measured by a direct method 
whereby an artificial pulse was fed to 
both input circuits, one of which con- 
tained an extra length of lead which 
introduced a time lag. 


Elegtron multiplier tube of large effec- 
tive cathode surface area, P. S. Faragé 
(Tungsram Research Laboratory, Ujpest 
4, Rumania) Nature 161, 60 (1948). 
Electron multiplier tubes of extremely 
short impulse period have been made. 
The disadvantage of small cathode sur- 
face has been eliminated, so that an 
effective surface of 100 cm? is easily 
obtained. 


Nuclear models, I. N. Sneddon, B. F. 
Touschek (Univ. of Glasgow), Nature 
161, 61 (1948). Wilson’s spherical shell 
model for the nucleus of a heavy atom is 
brought into better agreement with cal- 
culations made by the authors by con- 
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sidering the neutrons to form a central 
spherical core which is surrounded by a 
spherical shell of protons. 


Observations on the tracks of slow 
mesons in photographic emulsions, C. 
Lattes, G. Occhialini, C. Powell (Univ. of 
Bristol), Nature 160, 486-492 (1947). 
The following conclusions were arrived 
at: 1) two types of mesons exist, of dif- 
ferent mass, called w- and y-mesons; 2) 
some slow mesons (o-mesons) can enter 
nuclei to produce disintegrations with 
the emission of heavy particles; 3) ¢- and 
possibly w-mesons can be produced in 
processes connected with explosive dis- 
integration of nuclei. 


Progress in nuclear physics, Nature 
160, 492-494 (1947). A report on the 
conference of nuclear physics at Harwell 
during September 18-19, 1947. 


Nuclear explosion recorded by photo- 
graphic emulsion method, R. Roy 
(King’s College, London), Nature 160, 
498 (1947). A nuclear burst caused by 
cosmic rays at sea level was photographed. 
Twenty-two particles were ejected in 
various directions in the form of a star. 
It is probable that all of the tracks were 
due to protons. 


Gamma-ray yield curves of separated 
neon isotopes bombarded with pro- 
tons, K. J. Brostrém, T. Tuus, J. Koch 
(Inst. Theoret. Physics, Copenhagen), 
Nature 160, 498-500 (1947). Neon 
targets, prepared by bombarding silver 
dises with beams of the different neon 
isotopes in a mass spectrometer, were ir- 
radiated with protons, and resonance 
peaks determined from gamma-ray meas- 
urements. The characteristic differences 
between the resonance spectra of the 
three neon isotopes agree with present 
knowledge of resonance processes in light 
nuclei. 


Excitation of nuclei by electrons, B. 
Touschek (Univ. of Glasgow), Nature 
160, 500 (1947). The excitation of nu- 
clei by electrons may be explained on the 
basis of the electromagnetic interaction 
between the electrons and the protons 
of the bombarded nucleus. Expressions 
are given for the cross section for this 
process, which give the correct order of 
magnitude. 


Scattering of neutrons by lead, R. 
Latham, J. Cassels (Cavendish Lab., 
Cambridge), Nature 161, 282-283 
(1948). Using a cyclotron and neutron 
velocity selector, the scattering cross 
section of lead as a function of the neutron 
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energy was determined for scattering 
angles between 30 and 150 deg. The 
upper limit of the residual scattering 
caused by the presence of several isotopes 
of lead is 0.6 + 0.3 barn. The minimum 
value of the coherent scattering cross 
section is about 10 barns. Both results 
fail to agree with previous values. 


High energy physics, E. O. Lawrence 
(Univ. of Calif., Berkeley), Amer. 
Scientist 36, 41-49 (1948). A review of 
the recent experiments with the 184-inch 
synchro-cyclotron. 


The absorption of gamma rays from 
Co®, W. Mayneord, A. Cipriani (Natl. 
Research Council, Chalk River, Ont.), 
Can. J. Research 256A, 303-314 (1947). 
Absorption measurements of the gamma 
rays of Co® and radium were made in a 
number of materials. The gamma rays 
of Co® are almost monochromatic, and 
are therefore suitable for testing theo- 
retical absorption formulas. 


A low-pressu‘e glow-discharge proton 
source, P. Lorrain (Natl. Research 
Council, Montreal), Can. J. Research 
265A, 338-356 (1947). A cold-cathode 
proton source operating at about 200 v 
at a pressure of a few microns is described. 
The discharge is similar to that of a 
Philips vacuum gage. Operating char- 
acteristics and ionization processes are 
discussed. 


Action of slow neutrons on bromide 
ions in solution, P. Siie, L. Melander, 
Compt. rend. 226, 413-415 (1947). 
Aqueous solutions of phenol and NH.«Br 
were irradiated with slow neutrons, and 
the phenol was then extracted with ben- 
zene. The activity of the two layers 
was measured. A small amount of Br~ 
was found to be combined with the phenol, 
and possible mechanisms for this are 
discussed. 


Electric method of separation of nu- 
clear isomers, L. Rusinov, A. Kara- 
mian (Physico-Tech. Inst., Lenin rad), 
Compt. rend. acad. sci. U.R.S.S. 66, 
599-600 (1947). Ethyl bromide was irra- 
diated with slow neutrons, and then elec- 
trolyzed using a silver anode and a 
platinum cathode. The radiometric anal- 
ysis of the anode showed activities with 
half-lives of 18 min, 4.2 and 34 hr. 


A technique for the study of isotopic 
exchange reactions, M. Haissinsky, 
B. Pullman, J. phys. radium 8, 33- 

(1947). Exchange reaction studies are 
best carried out using thick layer of radio- 
active samples to minimize selfabsorption 
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errors. The thickness of sample beyond 
which no increase in activity results is 
independent of the physical or chemical 
state of the substance. 


Isotopic exchange in the systems 
MnO./Mn** and PbO;/Pb**, B. Pull- 
man, M. Haissinsky, J. phys. radium 8, 
36-38 (1947). The exchange rates were 
studied for the two systems and were 
found to be similar. The rates show that 
the exchange is rapid initially, but be- 
comes diffusion-controlled. The differ- 
ences in these systems previously reported 
were probably due to variations in the 
oxide preparations. 


Exchange reactions between ferric and 
ferrous ions in perchloric acid using a 
diffusion separation method, L. Van 
Alten, C. Rice (Purdue Univ., Lafa- 
yette, Ind.) J. Am. Chem. Soc. 70, 883- 
884 (1948). Radioferric ion was used to 
investigate the electronic exchange be- 
tween ferric and ferrous ions in 3 M 
perchloric acid. The ferric and ferrous 
ions were separated by their diffusion from 
the exchange mixture across a sintered 
glass membrane into 3 M perchloric acid 
(ferric ion diffuses more rapidly). The 
half-time for exchange at 25° was found 
to be 18.5 + 2.5 days. 


Exchange reaction between thallium (I) 
and thallium (III) ions in perchloric acid 
and nitric acid solutions, R. Prestwood, 
A. Wahl (Washington Univ., St. Louis, 
Mo.), J. Am. Chem. Soc. 70, 880-881 
(1948). T2206 was used to study the 
exchange reaction, and the rate was found 
to be slow and measurable. A fast but 
reproducible exchange was induced at the 
time of separation of the two ions, but 
could be corrected for. Typical experi- 
ments give the exchange half-time as 
67 + 5 hr with 3.5 f HCIO,, and 36 + 4 
hr with 1.5 f HClO, Using 1.5 f HNO; 
the exchange half-time was found to be 
16+ 0.2 hr. All these measurements 
were taken at 24.8 + 0.2°. 


Long-life zirconium from uranium-235 
fission, A. Grosse, E. Booth (Columbia 
Univ.), J. Am. Chem. Soc. 70, 465-466 
(1948). Experimental details are given of 
the work which led to the positive identi- 
fication of a 66-day isotope of Zr. The 
correct mass assignments for the 17-hr and 
66-day isotopes are 97 and 95, respectively. 


The exchange reaction between the 
two oxidation states of thallium in 
rchloric acid solutions, G. Harbottle, 
. W. Dodson (Columbia Univ.), J. 
Am. Chem. Soc. 70, 880 (1948). The ex- 
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change reaction was investigated using 


T12%.206 (half-life about 3 yr). The 
dependence of the rate on the concentra- 
tions of thallous and thallic perchlorates, 
the acid concentration, and the tempera- 
ture was studied. The specific rate con- 
stant is 2.0 moles“! liter hours”! at 49.5° 
with 0.4 f perchloric acid, and the activa- 
tion energy is 12 keal/mole. 

. I. W. RUDERMAN 





LIFE SCIENCE PUBLICATIONS 


Abstracts of papers presented at the 
32nd annual meeting of the Federation 
of American Societies for Experimental 
Biology, held March 15-19, are to be 
found in the Federation Proceedings, 
Vol. 7, No. 1. Those abstracts of in- 
terest to isotope workers are described 
here by title and page only: 

Hemin synthesis with glycine containing 
C4 in its a-carbon atom; 2. 

A Geiger-Miiller counter system for 
tracer studies of gas exchanges in man; 5. 

Decrease in the radiosodium and thio- 
cyanate spaces during growth; 32. 

Susceptibility of X-rayed animals to 
histamine and to adenosine; 90. 

Influence of temperature on 
sensitivity in the frog; 90. 

Rate of penetration of electrolytes into 
nerve fibers; 105. 

Fetal gastric secretion of radioiodine 
applied precutaneously to pregnant ani- 
mals; 110. 

Effect of phytate and other food ingredi- 
ents on the absorption of radioactive iron; 
112, 298. 

The effect of adrenal cortical extract on 
adrenal response to total body X-irradia- 
tion; 121. 

On the fate of labeled pyruvie acid 
in the intact animal; 142. 

Tissue incorporation and excretion of 
radioactive carbon administered as car- 
bonate; 143. 

Synthesis of fatty acids in rat liver 
slices; 146. 

Protein and peptide turnover with 
respect to lysine in guinea pig liver 
homogenate; 147. 

Immunochemical studies with proteins 
labeled with trace amounts of radioactive 
iodine; 153. 

Oxidation-coupled phosphate exchanges 
in the acid-insoluble esters of cell-free liver 
preparations; 155. 

Rate of C'*O; excretion following intra- 
peritoneal administration of isotopic bi- 
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carbonate and acetate; 156. 

Application of the isotopic derivative 
method of analysis to protein hydrolysates; 
163. 

Quantitative analysis of protein hy- 
drolysates on paper chromatograms by 
isotopic derivative method; 164. 

The arrangement of amino acids in silk; 
an application of the isotopic derivative 
technique; 168. 

The excretion of labeled calcium by 
normal and thyroparathyroidectomized 
rats; 168. 

On the origin of stercobilin in humans; 
169. 

Study of the oxidation of the labile 
methyl group of dietary methionine traced 
with C'*; 170. 

Studies on the nitrogen metabolism of 
tomato using N-labeled ammonium sul- 
fate; 170. 

Preliminary observations on the renal 
excretion of radioiodine after administra- 
tion of tracer doses; 178. 

Purification and properties of E. coli 
bacteriophage T.; 179. 

Rate of protein formation in the livers 
of partially hepatectomized rats; 180. 

The in vitro synthesis of heme from 
glycine by nucleated red blood cell; 188. 

The metabolism of the a, y, and 6 
hydrogen atoms of t-leucine; 191. 

Influence of the thyroid upon incorpora- 
tion of deuterium into tissue constituents 
of the rat; 193. 

The role of acetylphosphate in the 
phosphoclastic and dismutation reactions 
of pyruvate; 194. 

In vitro utilization of glucose by rat 
diaphragm muscle; 197. Incorporation 
of C!“labeled glycine into the protein of 
tissue homogenates; 200. 

Total body water by D,0O tracer study 
in protein depletion; 213. 

Statistical problems involved in the use 
of radioactive tracers in pharmacology; 
219. 

Elevation of serum protein-bound iodine 
after large doses of radioactive iodine; 251. 

Adenylpyrophosphatases and other 
phosphatases in the cell surface of living 
yeast; 252. 

Iron absorption in normal subjects and 
in patients with anemias of varied 
etiology; 270. 

Tumor therapy by the direct infiltration 
of radioactive colloidal metallic gold; 271. 

Preparation of radioactive gold colloids 
for use in the therapy of malignancies; 279. 

The zone of activity of antibodies as 
determined by the use of radioactive 
tracers; 308. 
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Control of hemorrhagic syndrome and 
reduction in X-irradiation mortality 
with a flavone, P. Rekers, J. Field 
(Univ. of Rochester, N. Y.), Science 
107, 16-17 (1948). Sub- and mid-lethal 
doses of total body X-irradiation produce 
an uncontrollable hemorrhagic diathesis 
in dogs. Resistance to this internal 
bleeding is greatly raised by feeding rutin, 
50 mg three times a day, beginning one 
week before irradiation. Some of the 
treated dogs developed a temporary severe 
thrombocytopenia and leucopenia. 


The utilization of adenine for nucleic 
acid synthesis and as a precursor of 
uanine, G. Brown, P. Roll, A. Plentl, 
.. Cavalieri (Sloan-Kettering Inst. for 
Cancer Research, New York), J. Biol. 
Chem. 172, 469-484 (1948). Adenine 
containing N'* in positions 1 and 3 was 
synthesized and fed to rats, from whom 
the mixed nucleic acids, and from them, 
adenine and guanine were isolated. Both 
purines were found to contain N', indi- 
cating that dietary adenine is utilized for 
the synthesis of nucleic acids and guanine. 
Adenosine triphosphate, isolated from 
muscles, was found to have a lower N!* 
concentration. Of the allantoin excreted, 
27% was derived from the ingested 
adenine. Very little degradation to urea 
and ammonia and no observable conver- 
sion to pyrimidines occurred. The allan- 
toin, isolated by an improved procedure, 
was found to be labeled uniformly in all 
four N atoms. The similar results ob- 
tained on feeding uric acid, labeled in the 
1 and 3 positions, indicate that a sym- 
metrical intermediate is formed in the 
degradation of uric acid. The finding 
that dietary guanine is not incorporated 
into nucleic acids was confirmed. 


Are phospholipids obligatory parti- 
cipants in fat transport across the 
intestinal wall? D. Zilversmit, I.Chai- 
koff, C. Entenman (Univ. of Calif. 
Med. School, Berkeley) J. Biol. Chem. 
172, 637 (1948). Fasted dogs were in- 
jected with radioactive phosphate and 6 
hours later sections from their duodenum, 
jejunum and ileum were removed. From 
these, the specific activities of the mucosal 
phospholipid P and acid-soluble P were 
determined, and the ratios of the two 
values calculated. The ratios were about 
the same for each part of any given dog, 
indicating that the rates of turnover of 
phospholipid in the three parts are the 
same. A repetition of this experiment 
with fat-fed dogs gave similar values for 
the ratios, suggesting that the passage of 
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fat across the intestinal wall does not 
affect the turnover rate for phospholipids. 
Similar lack of effect was found in other 
experiments, in some of which the effect 
of different fats and age were studied. 
The conclusion drawn is that fat can pass 
through the small intestine without in- 
volving phospholipids as intermediates. 


The inhibitory action of iodide upon 
organic binding of iodine by the normal 
thyroid gland, J. Wolff, I. Chaikoff, 
(Univ. of Calif. Med. School, Berkeley) 
J. Biol. Chem. 172, 855-856 (1948). 
A series of rats were injected with varying 
amounts of KI'*! and at various intervals 
blood and thyroid glands were removed. 
The total plasma and glandular organic I 
contents were calculated from radioac- 
tivity determinations. Increasing the I 
dose decreased greatly the rate of con- 
version to organically bound I (in the 
fraction insoluble in trichloracetic acid). 
When the total plasma I concentration 
drops below 15-25 y percent, the inhibi- 
tion is lifted. 


Penetration of radioactive sodium and 
chloride into cerebrospinal fluid and 
aqueous humor, Jun-Ch’uan Wang 
(Univ. of Minnesota, Minneapolis) J. 
Gen. Physiol. 31, 259-268 (1948). 
Isotonic salt solutions, containing Na*‘ or 
Cl*8, were injected intravenously into 
anesthesized dogs. At various intervals 
samples of blood, cerebrospinal fluid, and 
aqueous humor were withdrawn and 
analyzed for radioactivity (the corpuscles 
were first removed from the blood). It 
was found that the concentrations of the 
labeled ions in the anterior chamber and 
the cisterna magna gradually approach 
that of the plasma. The times required 
to reach half the plasma concentrations 
are, for Cl and Na: 34 and 27 minutes 
for aqueous humor, 90 and 95 minutes 
for cerebrospinal fluid. From the radio- 
activity of the plasma it was calculated 
that 14 of the body water is available for 
dilution of Na and Cl. 


An extension of the isotope dilution 
method, K. Bloch, H. Anker (Dept. of 
Biochem., Univ. of Chicago) Science 
107, 228-229 (1948). When very small 
amounts of an isotopic substance are to 
be isolated and analyzed, it is convenient 
to add some nonisotopic carrier to ease 
the isolation. By using 2 separate 
aliquots, adding different amounts of 
carrier, and determining the isotope con- 
centrations of the 2 isolated samples, one 
can calculate amount and isotope con- 
centration of substance originally present. 
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Chromosome breakage in plants in- 
duced by radioactive phosphorous, T. 
Arnason, E, Cumming, J. Spinks (Univ. 
of Saskatchewan, Saskatoon) Science 
107, 198-199 (1948). Germinating seeds 
and young seedlings were treated with 
radioactive NasHPO, (0.18 and 0.018 
microcurie per seed), and wheat plants 
were grown in soil containing P**. Aber- 
rations observed included chromosome 
fragments, chains of 3 or 4 chromosomes, 
rings of 4, unequal pairs, and anaphase 
and telophase bridges and fragments. 
The chromosome breakage must have 
occurred some divisions before formation 
of pollen mother cells and spikelets. 


Chronic myelogenous leukemia, J. 
Lawrence, R. Dobson, B. Low-Beer, B. 
Brown (Divs. of Med. Physics, Medicine, 
and Radiology, Univ. of Calif., Berke- 
ley) J. Am. Med. Assoc. 136, 672-677 
(1948). A detailed description of a 
study made on 129 patients treated with 
P32, alone or together with X-rays. 
Comfortable life was prolonged, but P** 
seems to be little superior to roentgen- 
ray treatment, the main advantages being 
convenience of administration and ab- 
sence of radiation sickness. Leukemic 
cells seem to be little or no more suscepti- 
ble than normal cells to P*? radiations, 
so that dosages must be carefully fixed. 
No evidence was found that the doses 
used produced neoplasms. 


The use of isotopes in surgical research, 
F. Moore (Harvard Med. School, 
Boston) Surg. Gynecol. Obstet. 86, 129- 
147 (1948). A discussion of the general 
uses of isotopes with emphasis on prac- 
tical aspects. A detailed consideration of 
the determination of fluid volumes with 
radioactive isotopes is presented, with 72 
references. 


Autographic localization of radioiodine 
in stained sections of thyroid gland by 
coating with photographic emulsion, 
C. Leblond, i Percival, J. Gross 
(Dept. of Anatomy, McGill Univ., 
Montreal) Proc. Soc. Exptl. Biol. Med. 
67, 74-76 (1948). The tissues are fixed, 
embedded in paraffin, sectioned and 
stained. The sections are then dehy- 
drated and coated with celloidin. A 
fluid photographic emulsion, prepared 
from lantern slide plates, is deposited on 
the sections, allowed to dry, and left for 
the proper exposure time, after which it is 
developed. The histological details can 
be seen through the silver granules in the 
emulsion. 
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Injurious effects of whole body neutron 
irradiation in animals, T. Leucutia 
(Harper Hospital, Detroit) Am. J. 
Roentgenology 69, 133-136 (1948). A 
review. 

Distribution and rate of metabolism of 
phosphorus compounds in —s 
soma equiperdum, S. Moraczewski, F. 
Kelsey (Dept. of Pharmacology, Univ. 
of Chicago) J. Infect. Diseases 82, 45-51 
(1948). Trypanosomes were incubated 
with radioactive phosphate for varying 
periods of time and 4 P fractions (acid- 
soluble, phospholipid, nuclei acid, phos- 
phoprotein) were isolated and analyzed 
for activity. A similar study was made 
in which infected rats were injected with 
radiophosphate and the distribution of 
activity in the same fractions determined 
in the trypanosomes and rat heart, liver 
and plasma. Uptake of P*? by the para- 
site was somewhat greater in the in vivo 
experiments. The specific activity of all 
but the acid-soluble P was consistently 
greater in the trypanosomes than in the 
host, indicating the parasite’s ability 
to assimilate inorganic P from the 


surroundings. 
. NORMAN 8. RADIN 





PHYSICAL PUBLICATIONS 


Range of Ra-a-Be neutrons in water, 
J. Rush (Duke Univ., Durham, N. C.), 
Phys. Rev. 73, 271-273 (1948). The dis- 
tribution of neutrons in water surrounding 
the approximate point source of the 
radium-beryllium type was measured as a 
function of the distance from the source. 
Thin indium foils were used as detectors 
by irradiating them and then measuring 
their activations with a counter. The 
migration area (one-sixth the mean square 
of the distance from the source to the 
point where the neutron is captured) is 
found to be 54.7 cm? for all activating 
neutrons, 45.4 cm? for indium resonance 
neutrons. 


Neutrons and gamma-ray yields from 
deuterons and carbon, C. Bailey, G. 
Freier, J. Williams (Univ. of Minne- 
sota, Minneapolis), Phys. Rev. 13, 
274-278 (1948). Carbon targets were 
bombarded with deuterons of energy be- 
tween 0.85 and 3.25 Mev, produced by an 
electrostatic generator which controlled 
their energy to 0.2%. Gamma rays and 
neutrons were produced, the former 
in a C!2(d,n)N" reaction, the latter from 
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the excited state of C' produced by 
C'(d,p)C43*. A “long counter,” of 
detection efficiency approximately inde- 
pendent of energy, counted the neutrons 
emitted, first at 0°, then at 90° in the 
laboratory system. The gamma rays 
emitted were also counted. The reso- 
nance widths observed varied from 10 to 
100 kev, and the neutron and gamma-ray 
resonances occurred in different places. 
Neutrons were emitted with a strongly 
preferred forward direction, as seen by 
the much larger number at 0°. 


The charge distribution in nuclei and 
the scattering of high-energy electrons, 
M. Rose (Clinton National Lab., Oak 
Ridge, Tenn.), Phys. Rev. 73, 279-284 
(1948). Assuming that the forces be- 
tween charged particles at small distances 
are of Coulomb nature, the charge dis- 
tribution and size of nuclei may be deter- 
mined from the deviations from Mott 
scattering of electrons of several Mev at 
large angles. In particular the deuterium 
wave function might be determined. 

Investigation of competing processes 
show that nuclear excitation and disinte- 
gration can be neglected if the electron 
energy is about 50 Mev and the scattered 
electrons are observed at an angle which 
is large but not near 180°. Inelastic 
collisions with orbital electrons will be 
unimportant if electrons of about the 
incident energy are observed at angles 
near 0° or 180°. Bremsstrahlung can be 
neglected if only electrons near the inci- 
dent energy are observed. 


Electronic component of cosmic rays 
in the low atmosphere. I. Theoretical, 
G. Bernardini, B. Cacciapuoti, R 
Querzoli (Univ. of Rome, Italy), Phys. 
Rev. 78, 328-334 (1948). The problem 
of equilibrium between mesons and 
secondary electrons is discussed. Results 
include: (1) number of secondary elec- 
trons generated in lead, for various elec- 
tron energies and lower limits of meson 
energy; (2) number of secondary collision 
electrons from the atmosphere, of various 
energies, at sea level and 3,500 meters 
above. Comparison with knock-on elec- 
trons in lead and the meson-electron 
ratio from Hazen's experiments seems to 
indicate agreement with this theory. 


Radiations from tantalum (182), anti- 
mony (122), and indium (116), C. 
Mandeville, M. Scherb (Bartol Re- 
search Foundation, Franklin Inst., 
Swarthmore, Pa.), Phys. Rev. 73, 340- 
343 (1948). Radioactive Ta produced by 
neutron bombardment has a 100-day life- 
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time, emits 8 rays of endpoint 0.36 Mev, 
and the residual nucleus de-excites with 
emission of two or more rays as indicated 
by B-y and y-y coincidences. Irradiated 
Sb shows a 2.8-day activity, giving a 
maximum §-ray energy of 1.77 Mev (from 
absorption in Al) and maximum y-ray 
energy of 1.19 Mev (from §-y coinci- 
dences). In''® has a 54-min activity; 
B-y coincidences stop at 0.7 Mev. 


Electronic component of cosmic rays 
in the low atmosphere. II. Experi- 
mental, G. Bernardini, B. Cacciapouti, 
R. Querzoli (Univ. of Rome, Italy), 
Phys. Rev. 73, 335-339 (1948). Numeri- 
cal results obtained from the formulas 
which evaluate the number of secondary 
cosmic-ray electrons in the low atmos- 
phere are compared with the results of 
some counter experiments. Results were 
observed for electrons creating a shower 
in lead and for mesons producing a 
secondary electron in it. Side showers 
were the largest source of error. The 
results indicate that: (1) Even at 3,000 
meters the electron component is not in 
equilibrium with the meson component, 
whatever the slow meson background. 
(2) At 3,500 meters the electronic com- 
ponent contains some high-energy elec- 
trons which are not secondaries of mesons 
of lifetime 2.3 X 10-* sec. (3) The slow 
mesons are negligible at sea level and 
their intensity increases rapidly with 
height, roughly, as the electron compo- 
nent. (4) It is likely that the slow 
mesons are secondaries of the electron- 
photon component because this compo- 
nent is also composed of high-energy 
electrons (5) At sea level the pene- 
trating part (above 10 cm Pb) may well 
consist mainly of mesons whose lifetime- 
to-mass ratio is 10-* sec/ Mev. 


The absorption of Na** gamma-radia- 
tion in lead, copper, and aluminum, 
D. Alburger (Y ale Univ., New Haven., 
Conn.), Phys. Rev. 73, 344-346 (1948). 
The absorption of the two gamma rays of 
Na*™, of energy 2.76 and 1.38 Mev, was 
investigated for various absorbers, using 
Geiger counters as detectors. The high 
sensitivity of the counter makes it suit- 
able for large absorber thicknesses, and 
the different counting efficiency for the 
two gamma-rays allows the separation of 
the two absorption coefficients. The 
source is placed in a hole in a lead block; 
the counter is located 60-100 cm from 
the source. Absorption coefficients agree 
with Heitler’s theoretical curves. 
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The half-life of carbon-14, L. 
(Clinton National Lab., 
Tenn.) 
Lab., 
360 ’(1948). The half-life is obtained 
from the activity (number of disintegra- 
tions per second) and the number of C!* 
nuclei in the sample. The CO: is roasted 
from a barium carbonate sample and 
analyzed in a mass spectrometer in order 
to determine the relative amount of C', 
Another identical sample is introduced 
into a special counting chamber, contain- 
ing a windowless tube above the sample. 
A rotating frame introduces varying 
absorber thicknesses between sample and 
counter. The half-life is found to be 
5,100 + 200 years. 


Norris 
Oak Ridge, 

, M. Inghram (Argonne National 
G hicago, Ill.), Phys. Rev. 73, 350- 


On the polarization of fast neutrons, 
J. Schwinger (Harvard Univ., Cam- 
bridge, Mass.), Phys. Rev. 73, 407-409 
(1948). The spin-orbit interaction arising 
from the motion of the neutron magnetic 
moment in the nuclear Coulomb field is 
suggested as a mechanism for producing 
almost complete polarization of fast neu- 
trons under ideal conditions, with small 
scattering angles. For 1-Mev neutrons 
in lead, the scattering angle which gives 
almost complete polarization is 1.5 deg., 
but the polarization is still large for angles 
up to 6 deg. (0.47). Detection is by a 
second scattering of the polarized neutrons. 


Threshold for the proton-neutron reac- 
tion in copper, W. Shoupp, B. Jennings, 
W. Jones (Westinghouse Research 
Labs., East Pittsburgh, Pa.), Phys. Rev. 
73, 421-423 (1948). An electrostatic 
generator bombards a copper target, and 
the neutrons from the C% (p,n) reaction 
are slowed in paraffin and detected in a 
BF; ionization chamber. The threshold 
is established at 2.164 + 0.01 Mev by 
using the Li’(p,n) reaction, whose thresh- 
old was already known, as a voltage 


standard. The maximum energy of the 
positron spectrum of Zn® is fixed at 


0.335 + 0.001 Mev. 


Development of the frequency modu- 
lated cyclotron, J. R. Richardson, B. 
Wright, E. Lofgren, B. Peters (Radia- 
tion Lab., Univ. of California, Berkeley) 
Phys. Rev. 73, 425-436 (1948). Experi- 
mental development of the phase stability 
principle as applied to a 37-in. cyclotron 
operated under f-m. Variation is given 
of the beam current with such factors as 
the phase stability factor, the modulation 
frequency, the dee voltage, and the pres- 
sure. The kinetic energy of the ions is 
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plotted as a function of time for ions 
starting at various times. Problems of 
probes and deflection of the beam are 
discussed, as is the actual performance 
with deuterons and protons. 


Note on the Milne og fora = 
T. H. Berlin (Johns Hopkins Univ 
Baltimore, Md.), Phys. Rev. 78, 437-440 
(1948). A solution is obtained which 
shows the shadow of the sphere and the 
corresponding discontinuity ot the neutron 
distribution function. A method is given 
for determining the radius of the sphere 
and mean free path of the neutrons by 
experiment. 


Angular correlation of scattered anni- 
hilation radiation, H. Snyder, 8S. Past- 
ernack, J. Hornbostel (Brookhaven 
National Lab., Upton, N. Y.), Phys. 
Rev. 73, 440-448 (1948). In the an- 
nihilation of a positron-electron pair, the 
pair usually has zero relative angular 
momentum, so that the two quanta 
emitted are polarized in mutually per- 
pendicular directions. The radiation 
scattered into counters arranged for 
coincidence should then depend on the 
azimuthal angle between them. Calcula- 
tions on the basis of the Klein-Nishina 
formula give the ratio 2.85:1 for the 
coincidence rate at 82 deg to that at 0. 
Computations are also made for finite 
geometry. 


Interaction of cosmic-ray primaries 
with sunlight and starlight, E. Feen- 
berg, H. Primakoff (Washington Univ., 
St. Louis, Mo.), Phys. Rev. 78, 449-469 
(1948). An investigation is made of col- 
lision between protons and electrons of 
very high energy and photons o: light, 
considering electron-positron pair produc- 
tion and recoil photons produced by 
Compton scattering. In traversals of 
the solar system or of one galaxy, the 
number of collisions is insufficient to 
cause appreciable energy loss in the 
primary or appreciable production of 
corresponding secondaries. Electrons 
(though not protons) may be eliminated 
in intergalactic distances by Compton 
collision. 


The ionization loss of energy of fast 
charged particles in gases and con- 
densed bodies, O. Halpern (Univ. of 
Southern California, ee Angeles), 
H. Hall (Bu. Aer., Navy Dept., ash- 
ington, D. C.), Phys. Rev. 73, 477-486 
(1948). This treatment takes into ac- 
count the polarization properties of the 
medium, assuming n types of dispersion 
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electrons, and one type of conduction 
electrons. Curves show the reduction in 
loss for various momenta of incident 
particles. Experimental data show good 
agreement with multifrequency theory. 


Natural radioactivity of rhenium, 8S. 
Naldrett, W. Libby (Inst. for Nuclear 
Studies, Univ. of Chicago, IIl.), Phys. 
Rev. 78, 487-493 (1948). An experiment 
using OsO, mixed with argon as a counter 
gas, designed to detect K-capture by 
subsequent emission of Auger electrons, 
showed no activity of half-life less than 
5 X 10"! years. A 8 activity of Rh'*’, 
having half-life of 4 + 1 X 10'* years and 
an energy maximum of about 43 kev, has 
been detected. 


Properties of some new types of coun- 
ters, S. Curran, J. Reid (Univ. of 
Glasgow, Scotland), Rev. Sci. Instr. 19, 
67-75 (1948). Counters of rectangular 
cross section have been made which show 
appreciable plateaus; when the wire is not 
in the center it is more difficult to count 
particles independently of their path 
through the counter. Multiple wires 
asymmetrically placed can be made to 
operate independently. Offset wires in a 
counter result in lower working voltages 
and decreased dead-times. The multiple 
wire arrangements can be used for coinci- 
dence work. 


A linear electron accelerator, KE. Ginz- 
ton, W. Hansen, W. Kennedy (Stan- 
ford Univ., Stanford, Cal.), Rev. Sci. 
Instr. 19, 89-108 (1948). Theory, design 
problems, and performance of a linear ac- 
celerator for electrons are discussed. No 
difficulty is experienced with orbit in- 
stability of electrons if they are injected 
at ample energy (80 kev experimentally). 
Phase stability is more difficult, especially 
for long accelerators which also require 
multiple-feed points. The best resonator 
shapes are discussed in terms of the ratio 
of energy given to the particles to the 
energy put into the accelerator. It 
appears that 100 Mev can be attained 
with 100-foot accelerator length and 
available power sources; 1 Bev will re- 
quire either longer lengths or higher 
power sources. 


Measurement of the electron current 
in a 22-Mev betatron, L. Bess, A. 
Hanson (Univ. of Illinois, Urbana), 
Rev. Sci. Instr. 19, 108-110 (1948). 
The current of the beam is determined by 
its magnetic field, linking a coil wound 
around the ‘“donut.”” The average 
current is found to be about 0.15 micro- 
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amperes (the injection frequency multi- 


plied by the circulating charge). 


Short time delays in Geiger counters, 
C. Sherwin (Univ. of Illinois, Urbana), 
Rev. Sci. Instr. 19, 111-115. (1 '948) De- 
lays are of two types. The first is due to 
the time required for the secondary 
electrons to arrive near the central wire. 
It can be measured by sending in betas 
at various distances from the central 
wire, and is found to have a maximum 
value of about 10~7 sec in a 2.2-cm diam- 
eter counter. A second delay, dependent 
on overvoltage, can be measured as 
the delay before detection on an amplifier 
following arrival of the secondary at the 
center. It may be related to the propaga- 
tion of the ion sheath. 


Neutron cross section of the elements, 
H. Goldsmith (Brookhaven National 
Lab., Upton, N. Y.), H. Ibser (Univ. of 


Wisconsin, Madison, Wis.), B. Feld 
iiat.., *« ‘ambridge, Mass.), Revs. 
Mod. Phys. 19, 259-297 (1948). A re- 


view article, containing all the experi- 
mental cross sections for fast and slow 
neutrons that have been declassified. 
Activation and photo-neutron determina- 
tions are omitted. Separate curves are 
given for low-energy (0.001 ev-1 kev) 
and high-energy (1 kev—-100 Mev) neu- 
trons. A discussion of resonances and 
their significance is given. Data hitherto 
unpublished include those of the Argonne 
and Clinton crystal spectrometer groups, 
the Argone mechanical velocity selector 
group, and the Los Alamos and Columbia 
velocity selector groups. 


A study of the nuclear transmutations 
of light elements by the photographic 
method, C. Lattes, P. Fowler, P. Cueur 
(Univ. of Bristol, England), Proc. Phys. 
Soc. 69, 883-900 (1947). Using Ilford 
emulsion B1 to detect the tracks of disin- 
tegration particles, a study was made of 
the transmutations of Li, Be, B, and O 
by 900 kev deuterons. Range-energy 
relations for protons and alpha particles 
were determined. The uncertainties in 
range are not much larger than those due 
to straggling, so that the method gives 
high resolving power with respect to 
the particle energy. Alphas and protons 
ean be distinguished by the appearance of 
their tracks. 


An investigation of the Wilson chamber, 
J. Milatz, C. Van Heerden (Univ. of 
Utrecht, Netherlands), Physica 18, 21- 
32 (1947). The sensitivity of the cham- 
ber was calculated from temperature 
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and pressure measurements during and 


after expansion without vapor in the 
chamber, and agreed with the observed 
result with vapor. Sensitivity time is 
twice as long for expansion to fixed pres- 
sure as for expansion to fixed volume. 


A new determination of the mean 
ranges of the a particles from UI and 
UII, S. Wytzes, G. Van der Maas 
(Vrije Univ., Amsterdam, Netherlands), 
Physica 18, 49-61 (1947). With a 
method based on the fact that the number 
of secondary ions between a point P on 
the path of the @ particle and the end- 
point Q is a unique function of the length 
PQ, detection by an ionization chamber as 
a detector gave 27.02 mm for UI and 
32.58 mm for UII @ particles in air at 
15° C, 760 mm. 


Non-thermal neutron cascade, H. 
Groenewold, H. Groendijk (Univ. of 
Groningen, Netherlands), Physica 18, 
141-152 (1947). The energy distribu- 
tion of slow non-thermal (above 1 ev) 
neutrons cascading in paraffin is found as 
a function of time, The ‘‘tail’’ which 
appears after the neutron source is 
turned on or off, in such instruments 
as the neutron velocity spectrometer, 
is considered. 


Time lags in Geiger-Miiller counters, 
H. den Hartog, F. Muller, N. Verster 
(Univ. of Amsterdam, Netherlands), 
Physica 18, 251-264 (1947). A method 
is given for experimentally determining 
the electron-drift velocities which fix 
transit times of secondary electrons in 
counters. These are of the order of 2 
microseconds (maximum) for a counter 
of 7-cm diameter filled with 90 mm of 
argon and 10 mm of alcohol. The factors 
governing electron mobilities in gas- 
vapor mixtures are discussed. 


On the natural precision of linear 
ionization chamber amplifiers, K. Kel- 
ler (Univ. of Utrecht, Netherlands), 
Physica 18, 326-336 (1947). The in- 
fluence of multifrequency noise on the 
accuracy of ionization measurements is 
discussed and the natural limit on preci- 
sion deduced. 


The stopping power of a metal for 
alpha particles, H. Kramers (Kamer- 
lingh Onnes Lab., Leiden), Physica 18, 
401-412 (1947). A formula for the 
energy loss per cm of path length is 
deduced by taking into account the 
polarization of the conduction electrons 
in the metal. Modifications by quantum 
mechanics are discussed. 
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The production of secondary electrons 
by collision of mesons in the air and in 
iron, J. Clay (Univ. of Amsterdam, 
Netherlands), Physica 13, 433-446 (1947). 
Coincidence experiments indicate elec- 
trons of energy greater than 2 Mev ac- 
company mesons in the atmosphere to the 
extent of 9-18%. The cress section for 
secondary electron production in iron is 
given as 35 X 10-?? cm?, and their num- 
bers amount to about 9% of the mesons 
penetrating the iron. 


Coincidence-spectrometry for disinte- 
gration problems, K. Siegbahn, A. 
Johansson, Arkiv Mat., Astron. Fystk, 
384A, No. 10, 1-19 (1947). Methods of 
application of coincidence measurements 
to complex beta-ray spectra are discussed. 
A beta-gamma coincidence apparatus is 
described, consisting of an improved 
three-stage coincidence amplifier of the 
Bradt-Scherrer type with resolving time 
of 3 X 10-7 sec, a magnetic-lens-type 
beta spectrograph, and a gold cathode 
gamma-ray counter. The _ coincidence 
plateau was determined and the spectro- 
graph was checked by reproducing the 
spectrum of P*?. Various complex spectra 
were analyzed. In the spectrum of 
Th(B + C +”) the upper energy limit 
of ThC” was determined as 1.72 Mev. 
Measurements of Mn** indicated general 
agreement with the term scheme pro- 
posed by Elliot and Deutsch. The 
coincidence spectrum of K*? was deter- 
mined. The upper limit of the soft beta 
component is given as 1.92 Mev. This 
value, determined by Fermi analysis, 
agrees quite well with 2.04 Mev, a value 
obtained by other methods. The beta 
spectrum of Na** was determined as 
simple on the basis of the experimentally 
found coincidence spectrum. The upper 
limit is given as 1.39 Mev. 


Nuclear levels in ThC and ThD as 
studied by means of their y-rays, A. 
Johansson, Arkiv Mat. Astron. Fysik, 
34A, No. 9, 1-8 (1947). The gamma 
radiation from Th(C +C +C"”) was 
studied by investigation of the energies of 
the Compton electrons from copper. The 
energy distribution was studied in a 
magnetic lens spectrograph and experi- 
mental curves were reproduced. The 
data indicates the existence of gamma 
rays of 1.03 and 0.84 Mev. A line at 
3.2 Mev reported by several workers was 
not observed. The intensities of the 
gamma-ray lines were calculated from the 
Compton distribution. The intensity 
ratio of the 0.58 and 0.51 Mev lines was 
estimated as two to one. This result was 
checked as far as possible by finding the 
energy distribution of photo-electrons in 
lead. A new term scheme for ThC is 
proposed and the diagram is reproduced. 


The magnetic exchange moments for 
H’ and He’, F. Villars, Helv. Phys. 
Acta, XX, 476-490 (1947). It is shown 
that charge exchange connected with the 
interaction of nucleons gives rise to a 
magnetic moment for a three-body system 
in the ground state. A calculation has 
been carried through using the symmetric 
pseudoscalar meson theory, according 
to which the H and He® ground states are 
doublet states (with regard to both spin 
and isotopic spin) and symmetrical with 
regard to space coordinates. The mag- 
netic exchange moment is found to be 
approximately 0.3 nuclear magnetons. 
The sign is positive for H* and negative 
for He*, This result agrees with experi- 
mental results for H* and predicts a 
magnetic moment for He* of approxi- 
mately —2.1 nuclear magnetons. 
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THe PRINCIPLES OF QUANTUM ME- 
cHANICs, P. A. M. Dirac, Oxford Uni- 
versity Press, New York, 1947, 3rd Ed., 
$9.00. Reviewed by Irving Kaplan, 
Brookhaven National Laboratory, Up- 
ton, N. Y. 
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Since the appearance of the first 
edition in 1930, Dirac’s book has been 
the standard work on the fundamental 
principles of quantum mechanics, and 
now ranks as one of the classics in the 
field of physics. The rapid and exten- 
sive development of quantum mechanics 
and the success of its applications to 
atomic and nuclear phenomena make it 
certain that Dirac’s book will have an 
important part in the training of future 
specialists in nuclear physics. It is not 
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a book for the beginner in quantum 
mechanics, but is rather for the ad- 
vanced student and research worker 
who already has a familiarity with the 
subject obtained from treatments of a 
more descriptive nature. For such a 
person Dirac’s book provides a logical, 
axiomatic development in which wave 
mechanics and matrix mechanics appear 
as the ‘Schrédinger and Heisenberg 
representations,” respectively, of amore 
general theory. The more abstract and 
concise treatment of Dirac requires of 
the reader a greater investment in terms 
of careful and thorough study than the 
usual textbook. However, this invest- 
ment will be amply repaid by a deeper 
insight into the physical problems of 
modern atomic theory and the theo- 
retical means for their solution. 

The many admirable qualities of 
Dirac’s book serve to emphasize the 
need which still exists for a textbook 
which will apply Dirac’s methods to 
those more detailed problems which 
cannot be treated in a discussion of 
fundamental principles. It is to be 
hoped that such a book will appear 
soon. 

Dirac begins with a brief discussion, 
based on simple conceptual experi- 
ments, of the need for a quantum 
theory. This leads immediately to the 
introduction of the principle of the 
superposition of the states of an atomic 
system, and the indeterminacy principle. 
The mathematical formulation of these 
principles is then undertaken in terms 
of eigenvectors, observables, linear 
operators and various other mathe- 
matical entities. Here, Dirac’s use of 
the “bracket” notation involving his 
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“‘bra’”’ and ‘‘ket”’ vectors makes for a 
more closely-knit formalism than that 
of the second edition. The develop- 
ment of this formalism, which consti- 
tutes the framework of quantum 
mechanics, takes up the first four 
chapters of the book. Chapters five 
through eight treat such problems as 
the equations of motion of a dynamical 
system with applications to the har- 
monic oscillator and hydrogen atom, 
perturbation theory and collision prob- 
lems. Chapters nine through twelve 
deal with more advanced topics: the 
many-body problem, radiation theory 
(and second quantization), relativistic 
electron theory and quantum electro- 
dynamics. The discussion of systems 
with similar particles is based on Fock’s 
treatment of the theory of an assembly 
of bosons (particles obeying the Bose- 
Einstein statistics) and is simpler and 
more elegant than that given in earlier 
editions of the book. The treatment 
of quantum electrodynamics is more 
extensive than that of the second edi- 
tion and includes the theory of the 
Wentzel field and the A-limiting process 
introduced in order to remove the 
infinite self-energy of a point electron. 
In this connection the uncertain state 
of the theory of the interaction of an 
electron with the electromagnetic field 
is pointed out and some possible future 
directions are indicated. 

The style and format of the book are 
in the fine tradition of the Oxford 
International Series of Monographs on 
Physics. The reviewer sincerely hopes 
that the book will be available in this 
country in quantities in accord with its 
excellence. 


—> 





May, 1948 - NUCLEONICS 








